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ABSTRACT 
The retrotransposons and retroviruses display a strong preference in 
selecting integration sites. The molecular mechanisms underlying this process, 
however, are largely unknown. I have characterized a new retrotransposon, 
called Ty5, in diverse strains of Saccharomyces cerevisiae and related species. A 
functional element, Ty5-6p, was identified from S. paradoxus. To investigate Ty5 
target preference, the locations of 13 native insertions were determined in S. 
cerevisiae and S. paradoxus. Twelve were found near the telomeres and the 
mating locus HMR. To determine if this distribution is a consequence of targeted 
integration, a Ty5 traiisposition assay was developed in S. cerevisiae using Ty5-
6p. The locations of 19 elements on chromosome m and six on other 
chromosomes were mapped. Twenty-two were near the telomeres and 
transcriptional silencers flanking HML and HMR, which share a common 
chromatin structure that represses transcription of adjacent genes (silent 
chromatin). These observations indicate that Ty5 preferentially transposes to 
silent chromatin. This target preference has likely had consequences for the 
genomic organization of chromosome ends. Recombination between elements 
is evidenced by the lack of target site duplications among riative Ty5 insertions. 
In addition, native elements mark telomeric regions that have been duplicated 
and rearranged in 5. cerevisiae and S. paradoxus. Molecular mechaiusms of Ty5 
targeting were investigated in various mutants that affect silent chromatin. 
HMR-E is the cis-sequence required for assembly of silent chromatin at HMR and 
accounts for approximately 2% of de novo transpositions. Mutations at HMR-E, 
which disrupt silent chromatin, abolish Ty5 transposition to this region. 
Deletion of SIRS, a gene that encodes a protein component of silent chromatin. 
ix 
resulted in an approximately six fold decrease in transposition. By analogy to Ty3 
and HIV, we hypothesize that Ty5 target preference is due to interactions 
between its integration complex and protein components of silent chromatin. 
Ty5 target preference extends the link between telomere structure and reverse 
transcription as carried out by telomerase and Drosophila retrotransposons. 
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CHAPTER I. GENERAL INTRODUCTION 
Transposable elements are DNA sequences that can move to new sites in 
the genome (Berg and Howe, 1989). They have been found in all eukaryotes 
surveyed to date. Although these elements are highly diverse, they can be 
divided into two classes, called transposons and retrotransposons, which differ by 
their modes of replication. Transposons replicate through a DNA intermediate. 
Examples of these elements include the maize Ac elements and the Drosophila P 
elements (O'Hare and Rubin, 1983; Pohlman et al., 1984). Retrotransposons 
replicate by reverse transcription of a RNA intermediate, and insert cDNA copies 
of themselves into host genomes. Retrotransposons can be further divided into 
two groups, which differ by whether they have long terminal repeats (LTRs) 
(Figure 1) (Xiong and Eickbush, 1990). Examples of non-LTR elements are the 
mammalian LINE elements (Hattori et al., 1986), the Drosophila I elements 
(Bucheton et al., 1984) and the fungal group n mobile introns (Kennell et al., 
1993). Examples of LTR elements include the Drosophila copia and gypsy 
elements (Fouts et al., 1981; Marlor et al., 1986), the Saccharomyces cerevisiae Tyl 
and Ty3 elements (Farabaugh and Fink, 1980; Hansen et al., 1988) and the 
Arabidopsis Tal elements (Voytas and Ausubel, 1988). LTR retrotransposons are 
very similar to the retroviruses (Brown and Varmus, 1989). They differ 
primarily in that retrotransposons are not infectious. Except where noted, only 
the LTR retrotransposons and retroviruses will be discussed in this introduction, 
and they will be collectively referred to as retroelements. 
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Figure 1. A comparison of the structural organization of retroelements. Open 
boxes with arrowheads indicate long terminal direct repeats (LTRs). 
Five A's indicate the poly(A) tail of the non-LTR retrotransposons. 
Arrows over the internal domains indicate open reading frames and 
arrowheads denote stop codons. "Others" designates other open 
reading frames encoded by retroviruses. Shades boxes designate 
conserved amino acid sequence domains: PR, protease; IN, integrase; 
RT, reverse trai\scriptase. Retroelement classes are labeled at the left 
side of elements. The lines and boxes are not drawn to scale. 
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The structure and oiganization of retroelements 
LTR retrotransposons and retroviruses share considerable similarity in 
their genomic organization (Figure 1) (Berg and Howe, 1989). They have two 
LTRs that flank the 5' and 3' ends of an internal sequence. The LTR is generally 
several hundred bp in length and has a short consensus of inverted terminal 
repeats, typically 'TG.. .CA". The LTR can be divided into three domains, called 
U3, R and U5. R is the central domain of the LTR and is duplicated at both the 5' 
and 3' ends of the mRNA. The U3 domain is immediately upstream of the R 
domain, while the U5 domain is downstream of R. The promoter and 
termination sequences for retroelement transcription are generally present in the 
LTR. Downstream of the 5' LTR, there is a stretch of sequences, called the primer 
binding site, which is complementary to a host tRNA and functions in initiating 
minus-strand DNA synthesis during reverse transcription (see below). 
Upstream of the 3' LTR, there is a stretch of polypurine sequences, called the 
polypurine tract, which functions in plus-strand DNA synthesis. Intact copies of 
LTR retroelements are normally flanked by four to six bp duplications of host 
sequence. 
The internal sequences of retroelements encode open reading frames 
(ORFs) for gag and pol proteins (Berg and Howe, 1989). Gag proteins are 
structural proteins, which assemble into virus or virus-like particles. The pol 
proteins include several protein domains with enzymatic activities necessary for 
replication. These include protease (PR) for proteolyzing pol proteins into 
several mature functional proteins, reverse transcriptase (RT) for reverse 
transcribing retroelement RNA into DNA, and integrase (IN) for inserting the 
cDNA into the host genome. The difference between retrotransposons and 
retroviruses is that retroviruses also encode env proteins, which confer to 
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retroviruses their infectious nature (Brown and Varmus, 1989). Some 
retroviruses also encode regulatory genes, such as oncogenes. Most 
retrotrjmsposons do not encode env-like proteins and are not naturally 
infectious. One exception is the Drosophila gypsy retrotransposon, which 
encodes env-like proteins and has been experimentally demonstrated to be 
infectious (Kim et al., 1994). Although nucleotide sequences of retrotransposons 
are highly diverse, they share considerable amino acid sequence similarity, 
especially in RT. Based on this similarity and the organization of protein 
domains in pol, retrotrartsposons can be divided into two groups, called 
Tyl/copia and Ty3/gypsy (Berg and Howe, 1989). These groups are named after 
representative elements from S. cerevisiae (Tyl and Ty3) and Drosophila (copia 
and gypsy) (Berg and Howe, 1989; Farabaugh and Fink, 1980; Fouts et al., 1981; 
Hansen et al., 1988; Marlor et al., 1986). Members of the Tyl/copia group have IN 
domains that precede RT. Members of the Ty3/gypsy group share considerable 
similarity with retrovirus RT domains, and like the retroviruses, IN follows RT. 
Life cycle of retroelements 
Replication of retrotransposons is similar to that of retroviruses, which is 
a cycle of transcription, translation, packaging, reverse transcription and 
integration processes (Figure 2) (Berg and Howe, 1989). In this life cycle, element 
DNA in the host genome is transcribed into mRNA by RNA polymerase H. The 
mRNA can serve either as a template for translation or as a RNA genome for 
reverse traiiscription. After translation, element-encoded proteins are assembled 
into virus particles for the retroviruses or virus-like particles (VLPs) for 
retrotransposons. Packaged inside the particles are the RNA genome, pol gene 
products and some host factors. One such host factor is a tRNA, which functions 
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Figure 2. Life cycle of LTR retrotransposons and retroviruses. The big box 
designates the host cell membrane. Open circles labeled as Gag indicate 
the structural proteins encoded by retroelements. Arrowheads labeled 
as Pol indicate the enzymatic proteins encoded by retroelements. Black 
circles indicate host factors packaged into particles. IN designates the 
integration complex. 
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in priming reverse transcription. The identities of other host factors are largely 
unknown. Inside particles, RNA is reverse transcribed into double-stranded 
cDNA by reverse transcriptase. These cDNA copies are inserted into new sites in 
the host genome by the integration complex, a critical component of which is the 
element-encoded integrase. The difference between retrotransposons and 
retroviruses is that virus particles are infectious and enter a host cell as 
extracellular particles (Brown and Varmus, 1989). 
Consequences of retroelement integration 
During integration of the LTR retroelements, integrase removes one or 
two termiiuil nucleotides from the 3' ends of both cDNA strands (Brown and 
Varmus, 1989). At the insertion site, integrase cleaves the host DNA to create 5' 
overhangs at both strands and ligates these ends with the 3' ends of the 
retroelement cDNA. The gaps made by integrase are filled by the host DNA 
repair machinery. As a result, a short stretch of sequence (normally 4-6 bp), 
which was present as a single copy in the host, is duplicated at both sides of the 
inserted element. 
Integration of retroelements can have both positive and negative effects 
on the host (Charlesworth et al., 1994). As examples of positive effects, the 
Drosophila UNE-like elements, TART and HeT, preferentially trai^pose to 
chromosome ends and function as telomeres (Biessmann et al., 1990; Levis et al., 
1993; Sheen and Levis, 1994). Transposition of Tyl elements can occasionally be 
beneficial in evolving laboratory populations, although average fitness of strains 
declines with increasing Ty copy number (Wilke and Adams, 1992). As is the 
case for other forms of mutation, however, transposition can be deleterious to 
the host by disrupting gene function and by altering expression of nearby genes. 
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For example, Moloney murine leukemia provirus was found inserted in the first 
intron of the collagen a(I) gene, which blocked the transcriptional initiation of 
this gene and cause an embryonic lethal phenotype (Hartimg et al., 1986). 
Insertions of this provirus can result in activation of oncogenes and induction of 
tumor formation (van Lohuizen et al., 1991). In addition, transposition can lead 
to chromosome rearrangements through recombination. For example, 
transposition of the Drosophila I retrotransposons (non-LTR elements) can cause 
hybrid dysgenesis, which is characterized as reduced fertility, chromosome 
nondisjunction and elevated mutation rates due to high frequency of 
recombination and chromosome rearrangement (Bucheton et al., 1984). 
H3rpotheses on the persistence of retroelements in host genomes 
Retroelement insertions at essential genes can lead to death of the host, 
which in turn would perish the retroelements. All retroelements, however, 
need to integrate into their host genomes as part of the replication process. The 
negative effect of insertion mutations is worse for the retrotransposons, because 
they are not infectious and are only transmitted from parents to their progeny 
(Berg and Howe, 1989). Mechanisms have evolved to minimize genetic damage 
to the host and still allow replication and maintenance of retroelements. One 
such mechanism is to contain the spread of retroelements. For example, this can 
be achieved by regtilating transposition, in which the rate of transposition 
decreases with increasing copy number (Charlesworth et al., 1994). Alternatively, 
retroelements that cause chromosome rearrangements can be selected against 
(Bucheton et al., 1984). A number of observations, however, strongly suggest 
that another mechanism is widely used to minimize genetic damage to the host. 
Instead of random integration, retroelements are preferentially integrated into 
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specific regions or "safe havens" in the host genome, which leaves essential 
genes untouched (Ji et al., 1993; Sandmeyer et al., 1990; Voytas and Boeke, 1993). 
Integration specificity of retroviruses 
The target choice for retroelements varies but is clearly not random 
(Sandmeyer et al., 1990). Patterns of retrovirus integration have been 
characterized by either in vivo assays, in which target sites in the host are cloned 
and sequenced, or in vitro assays, in which purified integration complex is 
combined with various DNA targets prior to characterizing insertion sites 
(Brown and Varmus, 1989). These studies revealed no consensus sequences at 
the target sites for retroviral integration. Not all the sites and regions in the host 
genome, however, are equally targeted. For example, murine leukemia virus 
(MLV) and human immunodeficiency virus (HIV) preferentially integrate into 
DNase I hypersensitive regioits or transcriptionally active regions. Insertions 
into the ORFs of coding genes are rare events (Brown and Varmus, 1989). 
Additional support for targeting comes from the determination of a large 
number of avian leukosis virus (ALV) insertions in the chicken genome (Shih et 
al., 1988). ALV insertions were cloned and hybridized with randomly chosen 
sequences to look for hot-spots with multiple independent integrations. Such 
sequences were then determined. ALV integrated at high efficiency to a limited 
number of sites (probably 500-1000) in the host genome. Some sites were favored 
about 10^ fold more frequently than expected for random integration. In 
addition, frequent integration into a specific nucleotide position within these 
regions was observed. Recent characterization of ALV target specificity by a PCR-
based assay, however, suggests a different conclusion (Withers-Ward et al., 1994). 
No preference for particular regions was observed. This contradiction was 
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argued to be due to some unknown bias introduced in the previous assays. ALV 
integration, however, still showed preference at the nucleotide level, in that 
some positions were more preferred thcui others within a given region. 
Integration specificity of retrotransposons 
Retrotransposons are more restricted in their target choice. For example, 
HeT and TART in Drosophila prefer to transpose to chromosome ends and they 
serve as telomere sequences (Biessmann et al., 1990; Levis et al., 1993; Sheen and 
Levis, 1994). The R2 non-LTR elements in Bombyx mori integrate to specific 
nucleotides in 285 rRNA genes (Luan et al, 1993). The clearest examples of 
retroelement target preference come from studies of Ty elements in 5. cerevisiae. 
In particular, the chromosome sequencing efforts offer a unique picture of 
retroelement distribution at the whole chromosome level. 
Five families of retrotransposons, called Tyl, Ty2, Ty3, Ty4 and Ty5, have 
been identified in S. cerevisiae (Boeke and Sandmeyer, 1991). Tyl and Ty2 have 
identical LTRs, but differ slightly in their coding regions. Tyl/Ty2 and the other 
families have dramatic differences in their primary sequences. These families, 
however, are all LTR retrotransposons. Based on the similarity of their RT 
domains and the organization of their pol ORFs, Tyl, Ty2, Ty4 and Ty5 belong to 
the Tyl/copia group, and Ty3 is in the Ty3/gypsy group. Characterization of the 
location of Tyl-Ty4 insertions in the yeast genome indicates that they have a 
strong integration specificity. Despite their sequence differences, these elements 
are preferentially clustered near similar target genes, namely genes transcribed by 
RNA polymerase in (pol HI), such as tRNA and 5S RNA genes (Voytas and 
Boeke, 1993). The integration patterns, however, are different. Most Tyl, Ty2 
and Ty4 insertions are within several himdred bp of target genes. Ty3 
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integration is precise and is within several bp of transcription start sites of tRNA 
genes. 
Characterization of newly transposed Tyl and Ty3 elements indicate that 
the association of endogenous elements with pol m transcribed genes is due to 
targeted transposition. Genetic assays for these elements have been developed 
(Boeke et al., 1985; Hansen et al, 1988). Functional Tyl and Ty3 elements were 
fused with the GALl-10 promoter or its upstream activation sequences, which 
places expression of these elements under galactose induction. Marker genes 
were inserted into these elements to detect transposition events into the yeast 
genome or plasmid targets. Most Tyl insertions were found within several 
hundred bp of tRNA genes in the host genome (Devine and Boeke, 1996; Ji et al., 
1993). Under strict selection conditions, however, a small number of Tyl 
insertions could be recovered in other regions, such as the pol n-transcribed 
LIRA3 gene (Natsoulis et al., 1989). All newly transposed Ty3 elements were 
found several bp upstream of tRNA genes in the S. cerevisiae genome (Chalker 
and Sandmeyer, 1990; Chalker and Sandmeyer, 1992). When plasmids carrying 
tRNA genes or 5S genes were used as targets, both genes were favored by Tyl and 
Ty3. As with the endogenous insertions, most Tyl insertions were located 
within 700 bp upstream of these targets, and Ty3 insertions were within several 
bp upstream of target genes (Devine and Boeke, 1996). This suggests that Tyl and 
Ty3 preferentially transpose to pol HI transcribed genes. 
Mechanisms of retroelement target specificity 
Although the biochemical mechanism of integration has been well 
studied, how retroelements are targeted to the specific regions in the host 
genome is poorly understood. The target choice of retroelements can be 
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influenced by element-encoded integrase, target sequences, chromatin structure, 
and host proteins interacting at the target sites. The importance of primary 
sequences was suggested from studies of the non-LTR retrotransposon R2 in 
Bombyx mori (Luan et al., 1993). This element encodes a single ORF, which 
behaves like a restriction endonuclease and recognizes specific sequences at the 
target gene. This results in insertion of R2 at specific sites in the 28S rRNA 
genes. For other retroelements, however, integration occurs at many sites and 
no consensus sequence can be drawn. This suggests that primary sequences are 
not major determining forces for targeting. Rather, target DNA structure can 
affect target selection. Partially purified preintegration complex or purified 
integrases of MLV and HIV cause integration preferentially near bent DNA 
targets (Muller and Vannus, 1994). The DNA bends are formed either by DNA 
binding proteins or are inherent to its sequence. Although ALV can integrate to 
any region in the host genome, its integration shows some regional and 
positional specificity, presumably through recognition of local DNA structures 
(Withers-Ward et al., 1994). When nucleosome-bound DNA is used as a target 
in vitro, integration of MLV and HIV favors the exposed major groove of DNA 
(Pryciak and Varmus, 1992). These observations implicate DNA structure in 
retroelement target selection. 
Several lines of evidence suggest another mechanism determines target 
specificity, namely protein-protein interactions between retroviral integration 
complex and host factors (Bushman, 1995). This has been modeled in vitro by 
tethering the HIV integrase with DNA binding proteins, such as X repressor (A,R) 
and lexA (Bushman, 1994; Goulaouic and Chow, 1996). Tethered integrase 
preferentially directs HIV integration to sequences recognized by these proteins. 
In addition, host factors can influence integration specificity in vitro. For 
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example, HIV and MLV prefer DNA bound by histones over naked DNA, 
suggesting that host factors are involved in target selection (Pryciak et al., 1992). 
Furthermore, two hybrid screens revealed a host factor, Inil, which interacts 
with HIV integrase and promotes the cleaving activities of HIV integrase 
(Kalpana et al., 1994). Taken together, interactions between retroelement 
integrase and host proteins, such as DNA binding proteins, may determine 
retroelement integration specificity. 
The best evidence for the protein interaction hypothesis comes from 
studies of Ty3 integration specificity. All Ty3 insertions are within several bp of 
the transcription start sites of pol HI transcribed genes (Sandmeyer et al, 1990; 
Voytas and Boeke, 1993). This precise integration implies a direct interaction 
between the Ty3 integration complex and the pol HI transcription machinery. 
Mutations in the promoter sequences, which disrupt the loading of transcription 
factors TFinB and TFDIC on the target genes, abolish specific Ty3 integration in 
vivo and in vitro (Chalker and Sandmeyer, 1992; Kirchner et al., 1995). These 
observatioiis strongly support the hypothesis that interactions between Ty3 
integrase and components of TFIIIB or TFmC direct Ty3 integration to pol m 
traixscribed genes. The interacting factors, however, have not yet been identified. 
Although association of Tyl insertions with pol m transcribed genes is not as 
precise as that of Ty3 elements, targeted Tyl integration requires transcription 
competence of target genes (Devine and Boeke, 1996). This suggests that the Tyl 
integration complex directs insertion through interactions with the pol HI 
transcription machinery. This interaction, however, may be different from that 
of Ty3, since integration patterns are not identical between the Tyl and Ty3 
families. 
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Discovery of the S. cerevisiae retrotransposon Ty5 
The first Ty5 element, called Ty5-1, was identified through examination of 
the chr HI sequence (Oliver et al., 1992; Voytas and Boeke, 1992). This element 
has several features typical of retrotransposons . Its two LTRs are 251 bp in 
length and have an inverted terminal repeat TGTTG.. .CAACA". The internal 
sequence, flanked by these two LTRs, has a primer binding site, which is 
immediately downstream of the 5' LTR and is complementary to the anticodon-
stem loop of the initiator methionine tRNA. The 3' end of the internal sequence 
is a purine-rich sequence, whicli appears to be the polypurine tract for plus-
strand DNA synthesis. More convincingly, the internal sequence of Ty5-1 has 
ORFs with homology to the RT domains of Tyl/copta group elements. Ty5-1, 
however, suffered several mutations that resulted in the accumulation of stop 
codons and the deletion of the IN domain. It is interesting to note that Ty5-1 is 
located at the left end of chr m. A further search of chr m sequences revealed 
another two Ty5 insertions near HMR-E, which is a cis-sequence required for 
transcription silencing at the mating type locus HMR (Ji et al., 1993). These 
regions are dramatically different from Tyl-Ty4 targets, suggesting that Ty5 has a 
unique target choice. In my dissertation research, I have determined sequences 
of full-sized Ty5 elements and developed a trai\sposition assay to monitor de 
novo transpositions. I have also characterized the integration preference of Ty5 
as well as its involvement in the orgaiuzation of the yeast genome. Using Ty5 as 
a model, I have investigated mechaiusms on how Ty5 chooses its targets and 
discuss how this information may be used to study targeting mechanisms of 
other retroelements, including retroviruses. 
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Oiganization of dissertation 
In chapter n of my dissertation, I describe the genomic organization of 
native Ty5 elements. Most endogenous Ty5 insertions in 5. cerevisiae and its 
close relative S. paradoxus are associated with autonomously replicating 
sequences at the telomeres and the silent mating locus HMR. Chapter m 
describes sequence features of intact Ty5 elements from 5. paradoxus and the 
development of a Ty5 transposition assay in S. cerevisiae. Using this assay, I 
demonstrate that Ty5 preferentially transposes to silent chromatin at the 
telomeres and mating loci HMR and HML In chapter IV, the involvement of 
Ty5 elements in the organization of chromosome ends is investigated. 
Molecular mechanisms of Ty5 targeting are further described in chapter V, using 
various mutants that affect silent chromatin. The data indicate that Ty5 
integration is directed to its targets by silent chromatin. A protein component of 
silent chromatin, SIRS, is implicated in influencing Ty5 transposition. Chapter 
VI provides general conclusions drawn from my dissertation research. Future 
research plans are discussed on Ty5 integration mechanisms and on their 
application to retroviruses and other retrotransposons. 
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CHAPTER II. THE SACCHAROMYCES RETROTRANSPOSON FAMILY, Ty5, IS 
ASSOaATED WITH ORIGINS OF DNA REPLICATION AT THE TELOMERES 
AND THE SILENT MATING LOCUS, HMR 
A paper published in Proceedings of the National Academy of Sciences, U.S.A. ^  
Sige Zou2, David A. Wright^, and Daniel F. Voytas^ 
ABSTRACT 
We have characterized the genomic organization of the Ty5 
retrotransposons among diverse strains of Saccharomyces cerevisiae and the 
related species S. paradoxus. The S. cerevisiae strain S288C (or its derivatives) 
carries eight Ty5 insertions. Six of these are located near the telomeres and five 
are found within 500 bp of autonomously replicating sequences present in the 
type X subtelomeric repeat. The remaining two S. cerevisiae elements are 
adjacent to the silent mating locus, HMR, and are located within 500 bp of the 
origin of replication present in the transcriptional silencer HMR-E. Although 
the S. cerevisiae Ty5 elements appear no longer capable of traiisposition, some 
1 Reprinted with permission of Proc. Natl. Acad. Sci. USA (1995), 92: 920-924. 
2 Primary researcher and author. 
^ Technician who cloned and sequenced several Ty5 elements. 
4 Assistant Professor and author for correspondence. Department of Zoology and 
Genetics, Iowa State University, Ames, lA 50011. 
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strains of S. paradoxus have numerous Ty5 insertions suggesting that 
transposition is occurring in this species. Most of these elements are adjacent to 
type X telomeric repeats, and regions flanking four of five characterized S. 
paradoxus insertions carry autonomously replicating sequences. The genomic 
organization of the Ty5 elements is in marked contrast to the other 5. cerevisiae 
retrotransposon families (Tyl-4), which are typically located within 500 bp of 
tRNA genes. For Ty3, this association reflects an interaction between Ty3 and the 
RNA polymerase m transcription complex, which appears to direct integration 
(Chalker, D. L., & Sandmeyer, S. B. (1992) Genes Dev. 6,117-128). By analogy to 
Ty3, we predict that Ty5 teurget choice is specified by interactions with factors 
present at both the telomeres and HMR that are involved in DNA replication, 
transcriptional silencing or the maintenance of the unique chromatin structure 
at these sites. 
INTRODUCTION 
Retrotransposoiis are mobile genetic elements that replicate by reverse 
transcription of an RNA intermediate. The final step in the retrotransposon life 
cycle is the integration of an element into a new site in the host genome. 
Integration may be deleterious to the host cell, because it can cause mutations or 
lead to chromosome rearrangements. Mechanisms that minimize this damage 
preserve the host's genetic integrity and also allow retrotransposons to replicate 
and maintain viable popidatioiis. In the yeast, Saccharomyces cerevisiae, 
mechanisms have evolved that limit the negative consequences of integration 
by directing transposition to specific sites in the genome. 
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Target preference of the 5. cerevisiae retrotransposons has been made 
strikingly evident by the recent genome sequencing efforts. Insertions of the four 
best-characterized retrotransposon families (Tyl-4) are found within the 
nucleotide sequences of chromosomes m and XI (chr m, chr XI) (1^). Of the 28 
insertions representing the closely related Tyl and Ty2 retrotransposons, 27 are 
found within 500 BP of tRNA genes (or 500 BP from a Ty element in cases of 
multiple insertions at a single tRNA gene) (3). For the Ty3 element family, a 
single insertion is foimd on chr XI within the promoter region of a tRNA gene. 
The association of Ty3 with tRNA genes has been well-docimiented, and most 
Ty3 insertions are located within a few bases of the transcription start site of 
genes transcribed by RNA polymerize m (pol III) (4). The fourth retrotransposon 
family, Ty4, is represented by a single insertion on chr m. This element is within 
300 bp of a tRNA gene, and tRNA genes are associated with ten of twelve Ty4 
insertions currently in the sequence database (GenBank, release 83.0). Thus a 
target bias, and in particular a preference for tRNA genes, is readily apparent 
from the genomic organization of endogenous Tyl-4 elements. 
Transposition assays have made it possible to monitor the target choice of 
de novo Tyl or Ty3 transposition events. For example, Tyl target preference was 
analyzed by determining integration sites for 32 independent transposition 
events onto chr HI (3). Over half (57%) were within 400 bp upstream of tRNA 
genes. Similarly, Ty3 integrates within 1-4 nucleotides of the transcription start 
site of genes transcribed by pol HI (5-7). Target specificity for Ty3 requires the 
assembly of the pol m transcription complex, and the transcription factor TFIIIB 
has been directly implicated in directing Ty3 integration (6,7). The target bias 
observed from the genomic organization of Tyl and Ty3 insertions, therefore. 
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apparently reflects a mechanism that directs these elements to particular sites in 
the genome, and at least for Ty3, to the pol m transcription complex. 
A new S. cerevisiae retrotrai>sposon family, designated Ty5, was 
discovered upon examination of the DNA sequence of chr in (8). In contrast to 
the other Ty element families, none of the three Ty5 insertions on chr ni reside 
near tRNA genes (3). We have analyzed additional Ty5 target sites among S. 
cerevisiae strains and species closely related to S. cerevisiae to determine 
whether the Ty5 family has a target site bias and to characterize the nature of 
these sites. 
MATERIALS AND METHODS 
Strains. Table I lists yeast strains used in this study, with the exception of 
YH51 (MATa, his4-539, lysl-SOl, spt3-202, ura3-52) (gift of J. Boeke), which was 
used to assay replication activity. 
DNA manipulations. Southern filters containing yeast genomic DNA or 
yeast chromosomes separated on pulsed fleld gels were prepared as described (9). 
Filters were hybridized as in ref. 10 with DNA fragments that had been 
radiolabeled by random-priming (Promega). Hybridization probes included 
either restriction fragments of the Ty5-1 element (Fig. lA) or LTR and X probes 
generated by PGR amplification (9). The LTR probes were generated from the 
Ty5-1 element of S. cerevisiae (DV0115= AGTAATGCTTTAGTATTG, DV0116 = 
TAGTAAGi 11ATTGGACC) or the Ty5-5 element from S. paradoxus ( DV0182 = 
GGGTAATGTTTCAGT, DV0116). The X probe was amplified with primers 
based on the X repeat at the chr in left telomere (DV0196 = 
TGCTCGAGTATATACCATCTCAAA, DV0197 = 
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AGGTCGACTCATATCATGCTATTGG). Filters of overlapping phage lambda 
clones of S. cerevisiae strain AB972 were obtained from the American Type 
Culture Collection, Rockville, Md. An S. paradoxus mini-library was constructed 
in pBluescript (Stratagene) with size-selected DNA from strain NRRL Y-17217. 
Ligation products were transformed into £. coli by electroporation, and desired 
recombinants were identified by colony hybridization using the internal probe 
from Ty5-1 (Fig. lA) (9). DNA sequences were determined with the fmol 
sequencing kit (Promega), or by the Nucleic Acid Facility of Iowa State 
University. Sequence analysis was performed using the GCG computer 
programs (11). 
Test for DNA replication activity. Several Ty5 elements and their flanking 
sequences were tested for the ability to sustain plasmid replication in S. 
cerevisiae. For Ty5-5, the 3' flanking region was subcloned into the URAS-hased 
integration plasmid, pRS406 (12) to create the test plasmid, pSZ107. Plasmids 
identified from the mini-library that carried the Ty5-6, Ty5-12 and Ty5-14 
elements were directly modified by addition of the URA3 gene, resulting in test 
plasmids pSZ120, pSZ119 and pSZ121, respectively. Test plasmids were 
transformed into the ura3 S. cerevisiae strain YH51 by electroporation (9). Yeast 
cells were plated on synthetic media without uracil, and Ura+ colonies were 
counted after 48 hrs growth at 30°C. 
RESULTS 
Distribution of the Ty5 elements in S. cerevisiae. Eleven 5. cerevisiae 
strains were analyzed by Southern hybridization analyses to evaluate Ty5 copy 
number. Although many of these strains are designated as separate species, 
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recent assessments of DNA divergence indicate that all are likely isolates of 5. 
cerevisiae (Table 1) (13). Nine of the eleven strains carry the telomeric Ty5-1 
insertion, as indicated by the presence of the 4.4 kb EcoRI fragment that 
hybridizes to internal Ty5 probes (Table 1). This fragment is located on chr m 
(e.g. S288C, Fig. IB, C), and its size correlates precisely with that predicted from 
the chr m sequence (Fig lA). The second element that hybridizes to internal 
probes is located on chr XI and appears to have arisen by a telomeric duplication 
that included the Ty5-1 insertion and its flanking sequences. Such a duplication 
is evident from the chr m and chr XI nucleotide sequences (2) and is further 
supported by the conservation of restriction sites within and flanking the two 
elements. These insertions are either indistinguishable on Southern filters (e.g. 
A364a, Fig. IB) or differ by 0.4 kb (e.g. S. hienipiensis, Fig. IB). This 
polymorphism is likely due to a deletion, as it is observed regardless of 
restriction endonucleases used (data not shown). 
Sequences homologous to the Ty5 long terminal direct repeats (LTRs) are 
more abundant than the internal Ty5 sequences (Fig. ID, E). The LTRs range 
from approximately five to more than twenty copies among the strains tested, 
cmd likely represent solo LTRs that have lost internal sequences through 
recombination between the direct repeats. 
S. cerevisiae Ty5 elements are associated with autonomously replicating 
sequences. To determine whether Ty5 elements have a target bias, we 
characterized all insertions in the strain S288C or its deriviatives. S288C has Ty5 
insertions on chr HI, Vn, Vin, and XI (Fig. IE), and the nucleotide sequences for 
three of these chromosomes (IE, Vin, XI) have recently been completed (1, 2,14). 
The chr VU insertion was identified by screening a phage library that has been 
used to assemble a physical map of the S. cerevisiae genome (15). A single phage 
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was identified (70640), which is located at the left telomere. The Ty5 iiisertion 
within this phage clone (Ty5-15) was localized within the terminal restriction 
fragment (500 bp) of the chr Vn physical map. This terminal restriction fragment 
also hybridized with a probe specific for the type X telomeric repeats, which 
reside at the ends of all S. cerevisiae chromosomes (data not shown) (16,17). 
The genomic organization of the Ty5 insertions in S288C is summarized 
in Fig. 2. Six elements (Ty5-1, Ty5-4, Ty5-7, Ty5-8, Ty5-9 and Ty5-15) are located in 
close proximity to the telomeres, and five are adjacent to telomeric type X 
repeats. X repeats are approximately 500 bp in length (17); they function as 
Autonomously Replicating Sequences (ARSs) and confer to plasmids the ability 
to replicate extrachromosomally (16). An ARS Consensus Sequence (ACS) 
present in X repeats is essential for ARS function (18). Of the five characterized 
Ty5 insertions, four are found within 500 bp of this ACS (Fig. 2A, Table H). The 
fifth element (Ty5-9) is a half-LTR near the chr VDI telomere. This element is 
located among sub-telomeric repeat sequences from a variety of S. cerevisiae 
chromosomes, suggesting that its flanking sequences have been scrambled 
through recombination (14). 
The remaining two S. cerevisiae Ty5 elements, Ty5-2 and Ty5-3, reside at 
internal sites on chr m adjacent to the transcriptionally silent mating locus, 
HMR (Fig. 2A). Transcriptional repression at HMR is largely determined by cis-
acting sequences adjacent to this locus, designated HMR-E (19). An ACS is 
present in HMR-E that serves as an origin of DNA replication and is also 
involved in transcriptional silencing. Ty5-2 and Ty5-3 are found within 500 bp of 
this ACS (Table n). The only example of a Tyl insertion on either chr HI or chr 
XI that is not associated with a tRNA gene also resides in close proximity to 
HMR-E (Fig. 2A). 
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Ty5 elements are of high copy number in S. paradoxus. Ty5-1 (or its 
duplicated version on chr XI) is the only S. cerevisiae element that carries 
internal coding sequences, yet this insertion has accumulated mutations and an 
internal deletion that likely render it incapable of further transposition (8). The 
search for active Ty5 elements, therefore, was extended to include other related 
yeast species (Table 1). Evidence of Ty5 was only found in the closely related 
species S. paradoxus (20). Using an internal element probe, Ty5 copy number was 
found to vary from zero to more than five insertions in various S. paradoxus 
strains (Fig. 3A). When this same filter was hybridized with an LTR-specific 
probe (Fig. 3B), multiple LTR sequences were observed suggesting that Ty5 is 
actively transposing in this species. 
S. paradoxus Ty5 elements are associated with X repeats. Six different Ty5 
elements with internal sequences were cloned from S. paradoxus strain Y-17217, 
which has the highest number of Ty5 insertions (Table I). These elements are 
designated Ty5-5p, Ty5-6p, Ty5-llp, Ty5-12p, Ty5-13p and Ty5-14p (the letter p is 
used to distinguish the S. paradoxus insertioris). The nucleotide sequence 
flanking Ty5-5p revealed a solo LTR (Ty5-10p) approximately 600 bp from the 3' 
LTR (Fig. 2B). The sequence between these elements shares more than 75 % 
nucleotide identity to the X repeats found at the telomeres of S. cerevisiae chr XI 
and Vni (data not shown). The ACS is perfectly conserved between the X repeats 
of these two species, and both Ty5 elements are located within 500 bp of this ACS 
(see Fig. 2B, Table 11). The association of S. paradoxus Ty5 elements with X 
repeats is further evidenced by Southern hybridization analysis. For example, in 
strain Y-17217, nine of the approximately fifteen restriction fragments that 
hybridize to LTR probes comigrate with fragments that also hybridize to X (Fig. 
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3C). This degree of association is likely an underestimate, since the second LTR 
of full-length elements would not be predicted to be adjacent to X sequences. 
S. paradoxus Ty5 elements are associated with ARS activity. The flanking 
sequences of several 5. paradoxus Ty5 elements were tested for ARS activity by 
determining whether they could support plasmid replication. Four URA3-hAsed 
plasmids, each lacking a yeast origin of replication, but carrying a Ty5 insertion 
and its flanking sequence, were introduced into a ura3 S. cerevisiae strain (Table 
n). The plasmids that carry Ty5-5p, Ty5-6p and Ty5-12p were found to transform 
S. cerevisiae with high efficiency and replicate as extrachromosomal plasmids. 
These same plasmids were also found to replicate in S. paradoxus (data not 
shown), suggesting that the ARS activity is conserved between the two species. 
In separate controls, no ARS activity was detected for the Ty5 internal domain or 
the Ty5 LTR, indicating that ARS activity is not due to sequences carried within 
the elements (data not shown). The plasmid vector alone also failed to confer a 
Ura+ phenotype. 
The Ty5-6p ARS was found to reside in a 1.6 kb fragment upstream of the 
5' LTR. Both the 5' and 3' flanking sequence of Ty5-6p share more than 80% 
nucleotide identity to a region in the middle of the left arm of 5. cerevisiae chr XI 
(Fig. 2B) (2). The 1.6 kb fragment upstream of the Ty5-6p insertion has several 
AT rich sequences that may be responsible for ARS function, including a ten out 
of eleven match with the S. cerevisiae ACS (Table 11). This sequence is also 
found at the corresponding position on chr XI in S. cerevisiae (2). 
For Ty5-5p, the ARS activity was localized to a 3.5 kb restriction fragment 
that included the flanking X repeat. A more precise location of the ARS adjacent 
to the Ty5-12p element was not determined, although the flanking sequences at 
either the 5' or 3' ends are less than 2.2 kb. Although the Ty5-14p element did 
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not show any ARS activity, this element was found to have a deletion of at least 
its 3' LTR and possibly flanking sequences that may have resulted in loss of an 
adjacent ACS (data not shown). 
DISCUSSION 
The genomic organization of the 5. cerevisiae retrotransposons clearly 
indicates a bias for specific regions of the genome. For example, all but one of the 
30 Tyl, Ty2, Ty3 and Ty4 insertions on chr HI and chr XI are within 500 bp of 
tRNA genes. In this study we have shown that the genomic organization of the 
Ty5 elements is strikingly different. Seven of eight Ty5 Insertions present in one 
S. cerevisiae strain are located within 500 bp of origins of DNA replication 
associated with the telomeric X re(>eats or the silent mating locus, HMR. The 
eighth element is also telomeric, but resides in a region of sequences that have 
been scrambled, likely through recombination between multiple chromosome 
ends (14). 
The genomic organization of the S. cerevisiae Ty5 elements likely reflects 
a targeting bias. Although their structure suggests these elements are incapable 
of further transposition, they are comparable in terms of degeneracy to the chr m 
Tyl elements, whose association with tRNA genes reflects the target preference 
of de novo transposition events (3). In addition, the sequences immediately 
flar\king all but the duplicated chr m and chr XI elements show no discernible 
similarity, indicating that the Ty5 elements are the result of independent 
integration events and not reiterative duplication of a few ancient insertions. 
The association of Ty5 with ARSs is also observed in the closely related 
species, S. paradoxus, where the high Ty5 copy number suggests they are 
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transpositionally active. Two S. paradoxus elements are found within 500 bp of 
ACSs in type X repeats, consistent with Southern hybridization analysis showing 
that most Ty5 insertions are likely adjacent to X sequences. The 5. paradoxus X 
repeats support plasmid replication as do sequences flanking two of three other 
5. paradoxus insertions, including one element that is located at an internal site 
on chr XI. The only characterized element in S. paradoxus that is not associated 
with ARS activity has suffered a deletion, which may have removed an ACS 
from its original flaiUdng sequences. 
Possible mechanisms for Ty5 targeting. The association of Ty3 elements 
with tRNA genes reflects an interaction between transposition intermediates and 
the pol ni transcription complex (6,7). By analogy, the association of Ty5 with X 
repeats and HMR suggests a possible targeting mechanism. The telomeres and 
silent mating loci are bound in a unique chromatin structure that serves to 
repress the expression of adjacent genes (19). The assembly of this chromatin is 
directed by several well-characterized cts-acting sequences, including sequences 
involved in DNA replication. For example, transcriptional repression of HMR is 
mediated by the silencer, HMR-E, which has an origin of DNA replication and 
binding sites for transcription factors ABFl and RAPl. Also contributing to 
transcriptional silencing are four silent information regulatory proteins that act 
at this locus (SIRl, SIR2, SIR3, SIR4). Telomeres of S. cerevisiae bind many of 
these same proteins; the X repeats carry an ARS and ABFl binding site, and 
RAPl binds the telomeric repeats (TGl-3) at the ends of chromosomes. In 
addition, SIR2-4 proteins play a role in the assembly of telomeric chromatin. We 
predict that integration of Ty5 is directed through interactions with one or more 
of  the  common prote ins  bound a t  the  te lomeres  and  HMR.  
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The association of Ty5 with telomeres. An intriguing aspect of the 
genomic organization of Ty5 is its preference for sub-telomeric repeats. Reverse 
transcription plays a key role in telomere structure, and the enzyme telomerase 
is a reverse transcriptase that uses an RNA template to synthesize G-rich repeats 
onto the ends of most eukaryotic chromosomes (21). In Drosophila 
melanogaster, the non-LTR retrotransposons, HeT and TART, transpose 
preferentially to i\ative and broken chromosome ends (22-26). Reiterative 
transposition results in tandem arrays of transposons that buffer internal genie 
sequences from loss through recombination or replication. These telomeric 
retrotransposons, therefore, appear to have assumed the role of telomerase-
catalyzed repeats in protecting chromosome ends (26). In S. cerevisiae, a second 
class of subtelomeric repeats, the Y' elements, bear similarity to mobile elements 
in that they vary in copy number and location among strains (27). It has recently 
been demonstrated that Y' sequences can rescue 5. cerevisiae ESTl mutations, 
which cannot replenish telomeric (TG1.3) repeats (28). Rescue occurs by 
recombinational amplification of Y' elements to form tandem arrays that buffer 
chromosome ends in a manner similar to the D. melanogaster retrotransposons. 
Although amplification of Y' elements is oiUy known to occur by recombination, 
occasional insertion at the ends of chromosomes by transposition or reverse 
transcription cannot be excluded. 
The association of the yeast Ty5 elements with telomeres further 
strengthens the link between retrotransposons, reverse transcription and 
telomere structure. Although Ty5 elements do not appear to play a crucial role 
in the maintenance of yeast telomeres, mechanisms that target traiisposition to 
chromosome ends may be widespread among eukaryotes. The development of a 
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de novo Ty5 transposition assay will make it possible to test directly Ty5 
integration specificity and to dissect this targeting mechanism. 
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Table 1. Yeast strains used in this study 
Species Strain Ty5 copy* Sourcet 
designation number 
Saccharomyces cerevisiae Y-12632 0 NRRL 
S . cerevisiae A364a 2 J. Boeke 
S. cerevisiae S288C 1 J. Boeke 
S. cerevisiae SKI 1 J. Boeke 
S. chevalieriX Y-12633 0 NRRL 
S. italicust Y-12649 2 NRRL 
S. norbensisX Y-12656 2 NRRL 
S. oleaceusX Y-12657 1 NRRL 
S. diastaticusX Y-2416 2 NRRL 
S. hienipiensisX Y-6677 2 NRRL 
S. oleaginosusX Y-6679 2 NRRL 
S. heterogenicus Y-1354 0 NRRL 
S. bayanus Y-12624 0 NRRL 
S. kluyveri Y-12651 0 NRRL 
S. dairensis Y-12639 0 NRRL 
S. exiguus Y-12640 0 NRRL 
S. unisporus Y-1556 0 NRRL 
S. servazzii Y-12661 0 NRRL 
S. castellii Y-12630 0 NRRL 
S. paradoxus Y-17217 5-8 NRRL 
5. paradoxus Y-17218 1 NRRL 
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S. paradoxus 2980 0 CBS 
S. paradoxus 7400 0 CBS 
S. paradoxus 6303 0 DBVPG 
S. paradoxus 6304 0 DBVPG 
S. paradoxus 6489 3 DBVPG 
S. paradoxus 6490 3 DBVPG 
S. paradoxus 6492 3 DBVPG 
Candida albicans YDV84 0 F. Spencer 
C. utilis F608 0 J. Boeke 
Kluyveromyces lactis F645 0 J. Boeke 
Pichia rhodanensis F612 0 J. Boeke 
Saccharomycopsis lipolytica F613 0 J. Boeke 
Torulaspora delbrueckii Y-866 0 NRRL 
Zygosaccharomyces bailii Y-2227 0 NRRL 
Z. rouxii Y-229 0 NRRL 
*As revealed by hybridization with internal Ty5-1 sequences. 
tNRRL, Northern Regional Research Laboratory, Peoria, 111., U.S.A; CBS, 
Centraalbureau voor Schimmelcultures, Baarn, The Netherlands; DBVPG, 
Dipartimento di Biologia Vegetale, Universita di Perugia, Italy. 
^Original name for strain now considered synonymous with S. cerevisiae (13). 
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Table n. Ty5 insertions and flanking ACS or AKS activity 
Insertion Adjacent Distance to Location/ ARS 
ACS* ACS Orientationt Activity^: 
S. cerepisiae insertions 
Ty5-1 TTTTATGTTTA 118 bp 5'/- N.D.§ 
Ty5-2 TTTTATATTTA 495 bp 3'/- N.D.I 
Ty5-3 TTTTATATTTA 273 bp 3'/- N.D.I 
Ty5-4 TTTTATGTTTA 280bp/426bpl I 5'/- N.D.§ 
Ty5-7 ATTTATGTTTA 273 bp 37+ N.D.§ 
Ty5-8 TTTTATATTTA 240 bp 37+ N.D.§ 
Ty5-9 TTTTATGTTTT 3161 bp 57- N.D. 
Ty5-15 N.D. N.D. N.D. N.D. 
pm^Qxus insertions 
Ty5-5p ATTTATGTTTT 427 bp 37- 4888 
Ty5-6p ATTTGTAlT'l'i' 466 bp 57+ 815 
Ty5-10p ATTTATGTTTT 92 bp 37+ 4888 
Ty5-llp N.D. N.D. N.D. N.D. 
Ty5-12p N.D. <2.2 kb N.D. 6213 
Ty5-13p N.D. N.D. N.D. N.D. 
Ty5-14p N.D. N.D. N.D. 0 
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The autonomously replicating consensus sequence (ACS) for 5. cerevisiae is 
(A/T)TTTAT(A/G)TTT(A/T); N.D., not determined. 
tRefers to location and orientation of the ACS with respect to the element. 
^Numbers represent the number of Ura-f colonies arising from transformation 
with 0.5 ^g of plasmid DNA (see Materials and Methods). 
§The closest ACS to these insertions is in the type X telomeric repeat, which has 
previously been shown to support plasmid replication (18). 
TThe closest ACS to these insertions is in HMR-E,  which has previously been 
shown both to support plasmid replication and to serve as a chromosomal origin 
of replication (19). 
11 Refers to the position of chr m and chr XI elements, respectively. 
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HGURE LEGENDS 
FIG. 1. Distribution of the Ty5 elements in S. cerevisiae. (A) Structural 
organization of Ty5-1 at the left telomere (T) of chr m. Boxes with arrowheads 
indicate long terminal repeats (LTRs). Shaded boxes in the internal domain 
depict conserved amino acid sequences shared among retrotransposons and 
retroviruses (8); PR, protease; RT, reverse transcriptase; RH, RNase H. The 
restriction fragment used as a hybridization probe in B and C is underlined; E, 
EcoRI; S, Smal. The 4.4 kb EcoRI fragment identified in B is shown below the 
element. (B) Southern hybridization analysis of Ty5 copy number among strains 
whose DNA was digested with EcoRI. (C) Southern hybridization analysis of 
chromosomes separated by pulsed-field gels, with chromosome designations 
shown at the right. (D-E) Hybridization analyses as in B and C, except with an 
LTR-specific probe. 
FIG. 2. Ty5 elements are associated with autonomously replicating sequences. 
(A) Genomic organization of the S. cerevisiae Ty5 retrotransposons. ACS 
denotes the autonomously replicating consensus sequence, T denotes the 
telomeric repeats (TG1-3) and boxes with arrowheads indicate the Ty5 LTRs. 
Narrow black boxes indicate type X subtelomeric repeats. Part of the duplicated 
region between the chr m and chr XI telomeres is shown. The uixRlled box 
represents sequences unique to chr XI. The chr XI Ty5 element has been 
designated Ty5-7, because it is in opposite orientation with respect to Ty5-1. Delta 
depicts a Tyl LTR, and Y' is class of subtelomeric repeats. On chr in, E depicts the 
transcriptional silencer adjacent to the HMR locus. (B) Genomic organization of 
the S. paradoxus Ty5 retrotransposons. Open boxes with labels indicate 
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sequences that show similarity to 5. cerevisiae open reading frames on the left 
arm of chr XI (2). 
FIG. 3. Distribution of the Ty5 elements in S. paradoxus. Southern hybridization 
analysis of S. paradoxus strains with an internal Ty5 probe (A), an LTR-specific probe 
(B) or an X repeat probe (C). For Y-17217, Ty5 bands are noted with arrows if they 
comigrate with restriction fragments that also hybridize to X sequences. Strain 
designations are as in Table I. 
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CHAPTER III. THESACCHAJlOMYCESRETROTRANSPOSONTyS 
INTEGRATES PREFERENTIALLY INTO REGIONS OF SILENT CHROMATIN 
AT THE TELOMERES AND MATING LOQ 
A paper published in Genes & Development^ 
Sige Zou^, Ning Ke^, Jin M. Kim^ and Daniel F. Voytas^ 
ABSTRACT 
The non-random integration of retrotransposons and retroviruses 
suggests chromatin influences target choice. Targeted integration, in turn, likely 
affects genome organization. In Saccharomyces, native Ty5 retrotransposons are 
located near telomeres and the silent mating locus HMR. To determine if this 
distribution is a consequence of targeted integration, we isolated a transposition-
competent Ty5 element from 5. paradoxus, a species closely related to S. 
cerevisiae. This Ty5 element was used to develop a transposition assay in S. 
cerevisiae to investigate target preference of de novo transposition events. Of 87 
1 Reprinted with permission of Genes & Dev. (1996), 9(3): 624-638. 
2 Primary researcher and author. 
3 Graduate student who mapped the transcription start sites of Ty5. 
^ Graduate student who determined flanking sequences of 15 Ty5 insertions on 
chromosome m. 
5 Assistant Professor and author for correspondence. Department of Zoology and 
Genetics, Iowa State University, Ames, lA 50011. 
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independent Ty5 insertions, approximately 30% were located on chromosome I I I ,  
indicating this small chromosome (~l/40 of the yeast genome) is a highly 
preferred target. Mapping of the exact location of 19 chromosome III insertions 
showed tha t  18  were  wi th in  or  adjacent  to  t ranscr ip t ional  s i lencers  f lanking  HML 
and HMR or the type X sub*telomeric repeat. We predict Ty5 target preference is 
due to interactions between trans(>osition intermediates and constituents of 
silent chromatin assembled at these sites. Ty5 target preference extends the link 
between telomere structure and reverse transcription as carried out by 
telomerase and Drosophila retrotransposons. 
INTRODUCTION 
Mobile genetic elements that replicate by reverse transcription are 
ubiquitous among eukaryotic genomes. These elements — collectively called 
retroelements — include the retroviruses and two classes of retrotransposons, 
which are distinguished by whether or not they are flanked by long termii\al 
direct repeats (LTRs) (Xiong and Eickbush 1990). A common step in retroelement 
replication involves the integration of an element cDNA into the host genome 
(Brown and Varmus 1989). For the retroviruses and LTR retrotransposons, this 
step is carried out by a nucleoprotein complex called the integration complex. A 
key component of the integration complex is the element-encoded integrase 
protein, which carries out the cutting and joining steps of the integration 
reaction. Although no specific sequences are required at the target site for 
integration, the distribution of LTR retroelements is clearly non-random (Craigie 
1992; Sandmeyer et al. 1990). This suggests that the integration complex is 
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capable of discerning specific features of chromatin to determine sites of 
integration. 
Some of the best examples of retroelement target specificity are provided 
by the retrotraiisposons of Saccharomyces cerevisiae. S. cerevisiae has five 
distinct retrotransposon families, designated Tyl-Ty5, which vary extensively in 
copy number (from 25-30 Tyl/Ty2 insertions to zero to two Ty5 insertions per 
haploid genome) (Boeke and Sandmeyer 1991; Zou et al. 1995). A distinctly non-
random distribution of Tyl-Ty4 insertions has been revealed from the nucleotide 
sequences of several S. cerevisiae chromosomes (e.g. chromosome (chr) III (Ji et 
al. 1993; Oliver et al. 1992)). Most native Tyl-Ty4 elements are foimd within 1 kb 
upstream of genes transcribed by RNA polymerase m (pol m), such as tRNA 
genes. For Tyl and Ty3, this genomic organization is the consequence of targeted 
integration; pol m genes are the preferred targets of de novo Tyl and Ty3 
transposition events (Chalker and Sandmeyer 1990; Chalker and Sandmeyer 
1992; Ji et al. 1993; Devine and Boeke 1996). 
Mechanisms that dictate Ty target specificity have been studied in detail 
for Ty3. Ty3 integration is highly precise, and typically occurs within the first few 
base-pairs of the start site of pol m gene transcription (Chalker and Sandmeyer 
1992). For tRNA genes, mutations in the promoter that abolish transcription 
also abolish targeted transposition. Biochemical analyses, including in vitro 
transposition assays, have demonstrated that the pol m transcription factors 
TFniB and TFinC are sufficient for targeted integration (Kirchner et al. 1995). 
Current models suggest that these transcription factors tether the Ty3 integration 
complex to its target through protein-protein interactions. 
Integration sites for several retroviruses tend to be associated with DNase I 
hypersensitive sites, suggesting retroviruses prefer open chromatin (Craigie 1992; 
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Sandmeyer et al. 1990). The yeast two-hybrid system has recently been used to 
identify a human protein, Iiul, that specifically interacts with HIV integrase 
(Kalpana e t  a l .  1994) .  Ini l  is  a  homologue of  the yeast  t ranscr ipt ion factor  SNF5,  
which is known to remodel chromatin in yeast to promote transcription. The 
HIV integrase/Inil interaction suggests that retroelements may, in general, 
recognize specific DNA-bound protein complexes to choose their integration 
sites. 
In striking contrast to the Tyl-Ty4 families, endogenous Ty5 iitsertions are 
located in sub-telomeric regions or on chr III adjacent to the silent mating locus 
HMR (Zou et al. 1995). The telomeres and the transcriptional silencers flanking 
HMR direct the assembly of a distinct type of chromatin (silent chromatin) that 
represses the transcription of adjacent genes (Laurenson and Rine 1992). Silent 
chromatin is also assembled at HML, a second mating locus on chr III, and 
transcriptional repression of both HML and HMR prevents the expression of 
mating type information unless it is copied to MAT, a third, transcriptionally 
active mating locus. A number of proteins contribute to silent chromatin 
structure and transcriptional repression at the telomeres and silent mating loci. 
Among these are proteins involved in DNA replication (the origin recognition 
complex (ORC); (Bell et al. 1993; Foss et al. 1993; Micklem et al. 1993)), 
transcription factors (RAPl and ABFl; (Diffley and Stillman 1988; Kurtz and 
Shore 1991), histones (H3 and H4; (Kayne et al. 1988; Thompson et al. 1994)), 
components of acetyl transferases (NATl and ARDl; (Mullen et al. 1989)) and 
several proteins that have a specific role in silencing (SIR1-SIR4 and RIFl; (Rine 
and Herskowitz 1987; Hardy et al. 1992)). Chromatin at the telomeres and silent 
mating loci is analogous to heterochromatin in other eukaryotes (Hecht et al. 
1995). In Drosophila melanogaster, a number of transposable elements are 
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associated with heterochromatin (Pimpinelli et al. 1995), including DNA 
transposons such as the P elements, which preferentially transpose to some 
heterochromatic sites (Karpen and Spradling 1992). Surprisingly, some 
heterochromatic transposable elements have evolved apparently essential roles 
for the cell; the HeT and TART retroelements can serve as D. melanogaster 
telomeres (Biessmann et al. 1990; Levis et al. 1993). 
In this study, we report the isolation of a transpositionally active Ty5 
element from the yeast, Saccharomyces paradoxus, and the development of a Ty5 
transposition assay in 5. cerevisiae. By monitoring the target preference of de 
novo transposition events, we demonstrate that Ty5 integrates preferentially 
into regions of silent chromatin on chr III This suggests that in addition to its 
well-studied role in transcriptional silencing, silent chromatin serves as a 
homing device for Ty5 integration. Ty5 target specificity, along with examples of 
target specificity by elements in other organisms, further suggests that targeted 
transposition may play a general role in the structure of heterochromatin. 
RESULTS 
Identification of fulUlength Ty5 retrotransposons in S. paradoxus 
Many retrotransposon insertions are non-functional. An extensive 
survey of Ty5 elements among diverse S. cerevisiae strains failed to identify 
transposition-competent insertions (Zou et al. 1995). All were either solo LTRs 
or a degenerate insertion that had accumulated several deleterious mutations 
(Ty5-1). A survey of other yeast species, however, revealed numerous Ty5 
elements in some strains of S. paradoxus, the species most closely related to S. 
cerevisiae. This high copy number suggested that these Ty5 elements may be 
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actively transposing. In addition, Ty5 insertions were found associated with type 
X sub-telomeric repeats, indicating their novel genomic organization was 
conserved between species. Six different Ty5 elements were cloned from one 
strain (NRRL Y-17217) using internal domain probes from Ty5-1. Preliminary 
sequencing and restriction mapping identified two structurally similar 
iitsertior\s, Ty5-5p and Ty5-6p (the p denotes their origin from S. paradoxus), 
which were of a size consistent with an active retroelement (4-6 kb). The 
complete DNA sequence was obtained for both insertions. 
Sequence analysis of TyS-Sp and Ty5-6p 
Ty5-6p is 5375 bp in length and encodes a single open reading frame (ORF) 
of 1626 amino acids (Fig. lA). The insertion is flanked by two LTRs of 251 bp that 
share greater than 98% nucleotide identity. A five-base direct repeat (TGCTA) is 
found on either side of Ty5-6p and is likely the target site duplication generated 
upon transposition. Ty5-6p shares 93.6% nucleotide identity to the defective S. 
cerevisiae element, Ty5-1. The two elements differ primarily by a deletion in 
Ty5-1 that extends from bases 1475 to 3703 and includes the putative coding 
region for integrase (see below and Fig. lA). The boundaries of this deletion are 
delimited by two six-base pair direct repeats, which may have facilitated loss by 
recombination. 
The Ty5-6p ORF shows significant similarity to proteins encoded by other 
retrotransposons and retroviruses (Xiong and Eickbush 1990) (Fig. IB). Near the 
5* end is a cysteine motif or finger domain that characterizes LTR-retroelement 
gag proteins, and is thought to be involved in binding RNA. The structure of 
the Ty5 finger domain, however, is different from those of other retroelements 
in the spacing of conserved cysteines (typically CX2CX4HX4C vs. CX2CX3HX4C for 
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Ty5). The ORF also shows similarity to retroelement pol proteins, including 
amino acid sequence domains for protease (PR), integrase (IN), reverse 
transcriptase (RT) and RNase H (RH). The RT domain shares the highest amino 
add similarity to the D. melanogaster copia element. This similarity, and the fact 
that IN precedes RT, dearly place Ty5 within the Tyl-copia group elements, a 
class of LTR retrotransposons found in the genomes of diverse eukaryotes. 
The DNA sequence of Ty5-5p differed from Ty5-6p by six nudeotide 
substitutions and a single A insertion (Fig. lA). Four of the six substitutions 
reside in the last 150 base pairs of the 3' LTR and lie outside the Ty5-5p ORF. One 
of the internal domain substitutions is silent (base 897) and the other (base 1186) 
results in an amino acid change from Cys in Ty5-6p to Phe in Ty5-5p. This 
change may affect protease function since it is in the predicted active site for 
protease. The single A insertion occurs in a stretch of Ay and creates a frameshift 
before the RT domain. Frameshifts immediately before RT have not been 
observed in other retroelements, and this mutation likely renders Ty5-5p 
nonfunctional. It is important to note that neither Ty5-5p nor Ty5-6p have a 
frame-shift or stop codon at the junction of their gag- and pol-like domains (i.e. 
in the vicinity of protease (Fig. lA)). This genomic organization is unusual for 
retroelements and has only been observed for several related Tyl-copia group 
retrotransposons, including copia and several plant elements (e.g. Mount and 
Rubin 1985; Voytas and Ausubel 1988), as well as the more distantly related Tfl 
element from Schizosaccharomyces pombe (Levin et al. 1990). 
Immediately adjacent to the 5' LTR of both 5. paradoxus and S. cerevisiae 
Ty5 elements are ten nudeotides that are complementary to the anticodon stem-
loop of the S. cerevisiae initiator methionine tRNA (Fig. IC, 2C). For most LTR 
retrotransposons and retroviruses (including the other four families of Ty 
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elements), this region constitutes the primer binding site (PBS) and is 
complementary to the 3' end of a host tRNA. Base-pairing between the PBS and 
a host tRNA is used to prime DNA synthesis during reverse transcription. 
Several retrotransposon families have been identified with PBSs similar to Ty5, 
and complementarity to the host initiator methionine tRNA begins at the exact 
same position in the anticodon stem (Fig. IC). 
Transcription and transcript mapping of Ty5 
The high degree of nucleotide similarity between Ty5-6p and Ty5-1 
suggested that the S. paradoxus retrotransposons might replicate in 5. cerevisiae. 
This would permit the use of genetic and molecular tools available in S. 
cerevisiae, including the extensive genome sequence, to study Ty5 target 
specificity. Successful transposition assays developed for Tyl and Ty3 have used 
heterologous promoters to control transcription and achieve high levels of 
regulated transposition (Boeke et al. 1985; Chalker and Sandmeyer 1990). In such 
assays, it was important to maintain the structure of the native mKNA, because 
it is used as a template for both protein synthesis and reverse transcription. 
Northern analysis of poly(A) mRNA prepared from S. paradoxus revealed 
a single low abundance transcript of 2.4 kb, which does not correspond in size to 
the predicted full-length transcript (~5 kb) (Fig. 2A). Shorter transcripts generated 
by splicing have been observed for the closely related D. melanogaster copia 
elements. In this instance, differential splicing is used to regulate the 
stoichiometry of gag and gag-pol gene products (Yoshioka et al. 1990). The 2.4 kb 
Ty5 mRNA, however, hybridizes to probes corresponding to both the gag- and 
poMike regions of Ty5, suggesting that it is not the product of a similar splicing 
event (probes a and 6, Fig. lA, Fig. 2A, and data not shown). In addition, the 
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well-conserved splice-site consensus sequences are not found in Ty5-6 (Rymond 
and Rosbash 1992). The 2.4 kb mRNA may therefore be the product of a deleted 
Ty5 insertion. 
Transcription of Ty5-6p was placed under galactose control by replacing 
part of the 5' LTR with a GALl-W upstream activation sequence (UAS). Two 
different constructs were generated, which differed by the site of the GALl-10 
UAS fusion (base 33, pSZ152 and base 94, pSZ114; Fig. 2C). Only pSZ152 
generated high levels of galactose-induced message as indicated by northern 
analysis (Fig. 2A). A single mRNA was detected, which corresponds to the 
expected full-size Ty5 transcript; no smaller mRNAs were observed with probes 
corresponding to either the 5' or 3' regions of the Ty5 ORF. Both the galactose-
induced message and the 2.4 kb mRNA from 5. paradoxus were used to map 
transcription start sites by primer extei\sion. For the S. paradoxus message, 
major start sites were identified at bases 176 and 206 within the 5' LTR (Fig. 26, 
2C). The start site at base 176 was shared with the galactose-induced TyS message 
from pSZ152 (Fig. 2B); this construct is transpositionally active (see below), 
suggesting that base 176 is the actual start site of the TyS genomic mRNA. 
Ty5-6p transposes in S. cerevisiae 
The galactose-inducible Ty5-6p construct was modified to facilitate 
detection of transposition by incorporating a selectable marker gene between the 
end of the Ty5-6p ORF and the beginning of the 3' LTR (Fig. 3A). A HISS marker 
gene designed to specifically detect Tyl transposition by reverse transcription was 
used (Curcio and Garfinkel 1991). The HISS gene carries an artificial intron (AI) 
inserted into the HIS3 coding sequence in the antisense orientation, which blocks 
HIS3 gene expression. The his3AI marker, however, is oriented in Ty5-6p such 
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that the intron is on the sense strand of the retrotransposon. The intron, 
therefore, can be spliced from the Ty5-6p transcript, and a functional HISS gene 
can be generated through reverse transcription and integration into the genome. 
A similar construct was also generated using Ty5-5p, which has a naturally 
occurring ftrameshift mutation before RT. 
Patches of 5. cerevisiae cells carrying the two TyS constructs were grown 
on galactose-containing media to induce transcription and transposition and 
then replica plated to media lacking histidine to select for putative transposition 
events (Fig. 3B). His"*" cells arose only from patches containing the Ty5-6p 
construct. The frequency of His*^ cells after 48 hrs of galactose induction was 
approximately 1.5 X 10"^ (Fig. 3C). The absence of His"*" cells from the Ty5-5p 
construct suggested that no functional reverse transcriptase was synthesized, 
likely due to the frameshift mutation and/or the amino acid substitution in 
protease. The His*^ phenotype was dependent upon galactose induction (data not 
shown), indicating a requirement for Ty5-6p transcription. 
The reconstituted HISS gene generated by reverse transcription could 
integrate into the genome either by transposition or recombination. These two 
events can be distinguished, however, because transposition generates target site 
duplications. Southern hybridization analysis of four independent His'*' strains 
revealed that each carried a TyS insertion on a uniquely sized restriction 
fragment, suggesting the marked Ty5-6p had integrated into different locations in 
the genome (Fig. 4A). One putative transposition event was cloned and the 
sequences flanking the TyS element were determined. These sequences matched 
the sequence of chr III near the HMR locus (Oliver et al. 1992). Moreover, a 5-bp 
direct repeat immediately flanking the element was generated upon integration, 
as this S-bp sequence is present as a single copy on chr III (Fig. 4B). Interestingly, 
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the integration site is near HMR-E,  the cis-sequences required for transcriptional 
silencing at HMR (reviewed in Laurenson and Rine 1992). More specifically, this 
insertion is 442 bp from the autonomously replicating consensus sequence (ACS) 
in HMR-E, which serves as an origin of replication. The presence of a target site 
duplication indicates that Ty5-6p is transpositionally competent, and the site of 
integration supports the hypothesis that silent chromatin is a preferred target for 
TyS. 
Ty5'6p transposes preferentially to chromosome III 
To more thoroughly investigate TyS target preference, chromosomes from 
148 independent His'*' strains were separated on pulsed-field gels and transferred 
to nylon membranes. Sixty-one strains (41%) had multiple chromosomes that 
hybridized strongly with HIS3 probes, indicating multiple TyS insertions. Data 
describing the genomic organization of these elements will be presented 
elsewhere. Eighty-seven of the 148 strains (S9%) had single chromosomes 
carrying TyS insertions (Table 1). Of these 87 strains, 26 (~30%) had insertions 
located on chr III. Southern hybridization analysis performed on 22 of these 
strains indicated that each had a single TyS insertion (data not shown). If the size 
of the chromosome targets are taken into account, the chr 111 insertions occurred 
at a relative density of approximately one per 12 kb. This density is more than 
four times greater than observed for chromosomes / and VI, seven times greater 
than observed for chr XI, and at least ten times greater than observed for all other 
chromosomes. 
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Ty5'6p transposes preferentially to the telomeres and silent mating loci on chr III 
The four native TyS insertions on chr 111 and tiie one de now 
transposition event described above are all located near the left telomere or the 
HMR-E transcriptional silencer. To determine whether the genomic 
organization of TyS elements is a consequence of preferential integration at these 
sites, the polymerase chain reaction (PGR) was used to map the exact location of 
de novo TyS insertions in the collection of strains carrying chr III insertions. 
Sequences flanking these elements were amplified by either the inverse PGR 
(Ochman et al. 1988) or standard PGR using TyS-specific oligonucleotides and 
oligonucleotides that flanked potential target sites, namely the telomeres and the 
E and I transcriptional silencers at HML and HMR. PGR products were 
sequenced directiy and used to precisely map the target site of integration by 
comparison to the chr 111 sequence (Oliver et al. 1992). Sequences were 
determined for 19 of the 26 independent chr 111 insertions. Flanking sequences 
on both sides of four insertions were determined and shown to have 5 bp target 
duplications, indicating they arose by transposition (data not shown). No 
consensus sequence can be deduced from all known TyS target sites, suggesting 
that TyS integration is sequence independent. 
One TyS element (W147) is located near a hot spot for Tyl transposition 
(Fig. 5, Table 2), This insertion site is more than S kb from the nearest tRNA 
gene (SUF16); most de novo Tyl insertions at this site are within 700 bp of this 
tRNA (Ji et al. 1993; Devine and Boeke 1996). Eighteen of the elements, however, 
were clustered near cts-sequences required for the assembly of silent chromatin. 
These included four insertions near the left telomere (W2, WSS, W77, W84), 
three of which were located within 900 bp of the end of chr 111. In addition, three 
inser t ions were located near  the t ranscr ipt ional  s i lencer  HML-E {}N7,  VJ28,  
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W144), four near HML-I  (W68, W79, W134, W114), four near HMR-E (W9, W66, 
W76/ W113) and three near HMR-I (W27, W44, W51). No insertions were found 
near the right telomere; this may be due to inefficient PCR amplification of 
sequences in this region. We have previously used the ACSs located within the 
transcriptional silencers and the telomeric X repeats as reference points to orient 
native Ty5 insertions (Zou et al. 1995). De novo Ty5 insertions in silent 
chromatin are distributed on either side of these ACSs. Twelve of the 18 
insertions occurred within 600 bp of an ACS, and all are located within 1.3 kb. 
Nine of the elements are oriented toward and eight away from the nearest ACS, 
indicating no apparent orientation specificity. 
DISCUSSION 
Sequence of Ty5-6p reveals unique features 
An 5. paradoxus Ty5 element (Ty5-6p) was identified that shares more 
than 95% nucleotide identity with the previously characterized, non-functional 
S. cerevisiae element Ty5-1 (Voytas and Boeke 1992). The genomic organization 
of Ty5-6p and sequence similarities between its reverse transcriptase and those of 
other retrotransposons indicate that it is a member of the Tyl/copia group 
elements (Xiong and Eickbush 1990). Ty5-6p, however, has two novel features 
that distinguish it from previously characterized yeast Tyl/copia group elements 
(i.e. Tyl, Ty2, Ty4; (Boeke and Sandmeyer 1991)): First, the Ty5-6p gag and pol 
genes are encoded within a single open reading frame. In most retrotransposons 
and retroviruses, these two genes are differentially expressed, typically due to 
translational frameshifting or readthrough (Jacks 1990). The related D. 
melanogaster copia elements also encode a single ORF and use differential 
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mRNA splicing to regulate gag and pol expression (Yoshioka et al. 1990). A 
single full-length mRNA was detected from the transpositionally active Ty5-6p 
element in S. cerevisiae, however, suggesting that Ty5 utilizes a different 
regulatory mechaiusm. The Tfl element of 5. pombe is transcribed as a single 
mRNA and also encodes a single ORF (Levin et al. 1990). Gagfpol stoichiometry 
of Tfl is regulated by differential protein stability (Atwood et al. 1995); it will be of 
interest to determine whether Ty5 exploits a similar strategy. 
The second unusual feature of Ty5 is the primer binding site (PBS) for 
reverse traiiscription, which is complementary to the anticodon stem-loop of the 
S. cerevisiae initiator methionine tRNA. This unusual PBS is also found in 
copia and a few related retrotransposons from diverse organisms (Voytas and 
Boeke 1993). For the copia elements, the initiator methionine tRNA is cleaved 
in the anticodon stem-loop by an unknown mechanism to generate the primer 
used to initiate reverse transcription (Kikuchi et al. 1986). This novel priming 
mecharusm may now be amenable to genetic analysis in yeast using Ty5 and 
resources previously developed to study the role of the initiator tRNA in 
priming Tyl reverse transcription (Chapman et al. 1992; Keeney et al. 1995). 
Ty5'6p is transposition-competent 
A Ty5 transposition assay was developed for S. cerevisiae by placing Ty5-6p 
under the transcriptional control of the GALl-W promoter. This assay exploited 
a hisSAl marker gene to select for replication by reverse transcription (Curcio and 
Garfinkel 1991). Histidine prototrophs were selected after induction of Ty5-6p 
trai\scription, and a newly transposed element was cloned. This insertion arose 
by transposition, as it was immediately flarUced by 5-base pair duplications of 
target DNA generated upon integration. The promoter of the HIS3 marker in 
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this insertion was within 750 bp downstream of the transcriptional silencer at 
HMR-E, which can repress transcription of some genes as far away as 2.3 kb 
(Brand et al. 1985). It has previously been shown, however, that HISS is not 
effectively silenced when inserted at HMR (D. Shore, personal commimication); 
such strains grow in the absence of histidine, although a weak silencing effect has 
not been excluded. This observation is also supported by the fact that we were 
able to use HIS3 to identify Ty5 insertions throughout other silent regions on chr 
III (see below). In addition, silencing is not simply disrupted by the insertion of 
Ty5. Two insertions at HML-E (W7, W144, Fig. 5) are mating competent, 
indicating that HML is still repressed (data not shown). Nonetheless, we carmot 
formally exclude the possibility that some transposition events went undetected 
due to the requirement of our assay for HISS expression. 
Approximately 30% of the tested strains carried multiple Ty5 insertions on 
different chromosomes. These elements appear to be organized in arrays (S. Zou, 
N. Ke and D. F. Voytas, unpublished). Arrays of Tyl have been observed 
(Weinstock et al. 1990), particularly in Tyl integrase mutants, and these arrays are 
likely generated by recombination of cDNA into preexisting genomic Tyl copies 
(Sharon et al. 1994). We have observed lower rates of Ty5 transposition in 
recombination deficient {rad52) hosts, suggesting that recombination is 
responsible for generating some His+ cells (N. Ke and D. F. Voytas, unpublished). 
In this study we have therefore restricted our analysis to His"*" strains that have 
single Ty5 insertions. In all cases examined, the presence of flanking target site 
duplications indicated that these insertions were generated by transposition 
rather than recombination. 
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Silent chromatin is a target for Ty5 
HML and HMR encode genes that specify yeast mating type. These genes 
are not expressed until they are transferred to a third locus (MAT) in the middle 
of chr JII by directed gene conversion. Transcriptional repression of HML and 
HMR is mediated by proteins that assemble at flanking cts-sequences, designated 
the E and I silencers (Laurenson and Rine 1992). Similar to the HM loci, the 
telomeres are also transcriptionally silent (telomere position effect) (Gottschling 
et al. 1990). Many proteins that play a role in silencing the HM loci also act at the 
telomeres and are required for telomere position effect (Fig. 6). Some of these 
proteins bind the sub-telomeric X repeat (Longtine et al. 1993), which is found at 
the ends of all chromosomes (Louis et al. 1994). Although X repeats are not 
required for silencing per se (Gottschling et al. 1990), they are highly conserved in 
S. paradoxus, suggesting they may serve a role in telomere structxire (Zou et al. 
1995). 
We characterized in detail de novo Ty5 insertions on chr III, which 
represented ~30% of the transposition events in strains containing single 
insertions. Eighteen of 19 chr III insertions were near or within the cis-sequences 
that assemble silent chromatin. Using the ACS as a reference point, 12 insertions 
were clustered in either orientation within 600 bp of ACSs located in the sub-
telomeric X repeat or the E and I regulatory regions; the remainder were within 
1.3 kb of these ACSs. The proximity of Ty5 elements to silent chromatin is not 
limited to the chromosome in insertions. Target sites for several Ty5 elements 
on other chromosomes were found to reside in telomeric regions Q. Kim and D. 
F. Voytas, unpublished). 
Silent chromatin may turn off Ty5 transcription after integration. Ty5 
transcripts were undetectable in strains with Ty5 insertions near HMR (S. Zou 
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and D. F. Voytas, unpublished). Transcriptional silencing is also a feature of 
regions flanking pol m genes, preferred targets for Tyl and Ty3 integration. Pol 
m transcription strongly inhibits expression of adjacent RNA pol n promoters 
(Hull et al. 1994). Although silencing near pol m genes may occur by a different 
mechanism than that at the telomeres and silent mating loci, transcriptional 
silencing may be a general means by which retrotransposition in yeast is 
regulated. 
Most TyS integration events occurred in regions previously shown to 
occlude sequence-specific DNA binding proteins such as restriction 
endonucleases (Loo and Rine 1994). For example, sites for cleavage by HO 
endonuclease (which is involved in mating type switching) are found at all three 
mating loci, but cleavage is blocked at HML and HMR by silent chromatin 
(Laurenson and Rine 1992). It has long been known that during mating type 
switching, MATa cells preferentially recombine with HMLa, and MATa cells 
preferentially recombine with HMRa (reviewed in Haber 1992). The mechanism 
that determines this donor preference appears to be transparent to TyS, as 
insertions occur at equal frequencies at both silent mating loci in either MATa or 
MATa strains (S. Zou and D. F. Voytas, unpublished). It appears the TyS 
integration complex can overcome barriers imposed by silent chromatin, or 
transposition may occur only when these regions are readily accessible, such as 
shortly after DNA replication. 
Based on the strong bias for sites of TyS insertion, we predict targets are 
chosen through interactions between TyS proteins (such as integrase) and some 
component of silent chromatin (Fig. 6). Similar models have been put forth to 
explain the preference of Ty3 for genes transcribed by RNA polymerase HI 
(Kirchner et al. 1995). The transcription factors TFIUB and TFUIC, which interact 
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with the tRNA promoter, are likely candidates for determining Ty3 target 
spedHcity. Tyl also frequently integrates upstream of pol m transcribed genes, 
however, the pattern of integration is considerably less precise and occurs over a 
700 bp region upstream of target genes Qi et al. 1993; Devine and Boeke 1996). 
This lack of precision is also a hallmark of Ty5 transposition, and no specific 
component of silent chromatin can be implicated as the interacting partner based 
on the pattern of Ty5 insertion sites. The genetic resources available from the 
extensive study of transcriptional silencing in 5. cerevisiae should facilitate the 
identification of interacting partners. Other retroelements may also sense 
specific DNA-bound protein complexes to determine sites of integration. 
Recently, two-hybrid screens with HIV integrase have identified a specific 
interacting protein, Inil, which is a homologue of the yeast transcription factor 
SNF5 (Kalpana et al. 1994). Understanding how integration complexes identify 
their target DMAs may suggest new means by which retroelements can be 
directed to specific sites of the genome. This may have direct applications for 
improving the site selectivity of retroviral vectors used for gene therapy. 
TyS as  a  class  o f  sub- te lomeric  repeats  
The silent mating loci and telomeres of 5. cerevisiae share many features 
with heterochromatin foimd in other eukaryotes, including late replication in S 
phase, association with the nuclear envelope and epigenetic gene repression 
(Roth 1995). Another interesting feature of heterochromatin is the association 
with transposable elements. For example, transposable elements are a major 
structural component of D. melanogaster heterochromatin (Karpen and 
Spradling 1992; Pimpinelli et al. 1995). Heterochromatin may offer a "safe 
haven" for elements to integrate without negative genetic consequences for the 
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host such as deleterious mutations in essential genes Qi et al. 1993). Ty5 target 
preference suggests the link between transposition and heterochromatin may be 
widespread. 
Transposable elements associated with telomeric heterochromatin have 
evolved important cellular roles in some organisms. For example, in D. 
melanogaster, two non-LTR retrotransposons, HeT and TART, can transpose 
preferentially to the ends of chromosomes and, in fact, serve as telomeres 
(Biessmann et al. 1990; Levis et al. 1993). In S. cerevisiae, another class of 
telomeric repeats, the Y' elements have structviral features reminiscent of 
transposable elements (Louis et al. 1994). Y" elements have never been 
demonstrated to transpose, but they may be remnants of telomere-specific 
transposons that are no longer functional. Amplification of Y' elements by 
recombination at the telomeres can suppress telomere-length mutations, such as 
estl (Lundblad and Blackburn 1993). Telomerase-independent elongation of 
telomeres has also been observed in some human cancer cell lines (Bryan et al. 
1995). With the preference for Ty5 to integrate at telomeres, it will be of interest 
to determine whether Ty5 amplification by transposition and/or recombination 
can also suppress telomere mutations. The fact that telomerase is a reverse 
transcriptase indicates the importance of reverse transcription in maintaining 
chromosome structure. The discovery of Ty5 and its novel target preference adds 
to the growing list of reverse transcribing elements that influence the structure 
of chromosome ends. 
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MATERIALS and METHODS 
Strains 
The yeast strains used in this study are as follows: S. paradoxus NRRL Y-
17217 (Northern Regional Research Laboratory), GRF167 (MATa his3D200 ura3-
167) g. D. Boeke), W303-1A (Mi4Ta ade2-l canl-WO hisS-11 leu2-3 trpl-1 ura3-l) 
(A. Myers). The E. coli strain XLl-blue was used for recombinant DNA 
manipulations. Transformation of £. coli and yeast strains was performed by 
electroporation as described (Ausubel et al. 1987). 
Endogenous Ty5 isolation and sequence determination 
The construction and screening of the S. paradoxus genomic DNA 
libraries containing Ty5 elements has been previously described (Zou et al. 1995). 
Templates for DNA sequencing were generated by gd mutagenesis of TyS-Sp and 
Ty5-6p subclones (Gold BioTechnology, Inc.). DNA sequence was obtained using 
the fmol sequencing kit (Promega) or by the ISU Nucleic Acid Facility. Sequence 
cmalysis was performed using the Genetics Computer Group programs 
(Devereux et al. 1984). Sequences were determined for one DNA strand of Ty5-5p 
and both strands of Ty5-6p. 
Analysis of Ty5 transcription 
Transcription of Ty5 was monitored by northern analysis (Ausubel et al. 
1987). Filters were prepared with 0.7 mg poly (A) mRNA isolated from S. 
paradoxus strain NRRL Y17217 or with 15 mg total mRNA from GRF167 carrying 
plasmid pSZ152 (ySZ128) (see below). Hybridizations were conducted with 
probes corresponding to the gag- and pol-like domains of Ty5-6p (a and b. 
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respectively. Fig. lA) that had been radio-labeled by random priming (Promega). 
The transcriptional start site of Ty5 was mapped by primer extension with the 
primer DVo207 (AGGGCTCATAACCTGTTGAC) (Ausubel et al. 1987). 
TyS transposition construct 
To develop a TyS transposition assay, the Ty5-6p element was first 
modified to regulate its transcription by galactose. Specifically, the GALl-W UAS 
was PCR-amplified from plasmid pJEFllOS (gift from J. D. Boeke) with primers 
DVol84 (TCTCGAGCCCCATTATCTTAGC) and DVolSS 
(CGTCGACTCATCCTATGGTTGTT). The PGR amplicon was then digested with 
Xhol and Satl and subcloned into the Xhol site of the URA3-based 2mm plasmid 
pRS426 (Stratagene), to yield pSZlSS. Ty5-6p sequences from position 33 to 442 
were amplified from a Ty5-6p HindUI subclone with primer DVol82 
(GGGTAATGTTTCAGT) and the universal primer. This PGR product was 
subcloned into the PGR cloning vector pT7Blue (Novagen) to create pSZ135, 
which has a Sail site upstream of position 33 in Ty5-6p. A Sall-HindTSl fragment 
from pSZ135 was subcloned into the Sall-HindJE sites of pSZ138 to yield pSZ139, 
which placed the GALl-10 UAS upstream of position 33 in the Ty5-6p 5' LTR 
To select Ty5-6p transposition events, a marker gene was inserted after the 
TyS ORF and before the 3' LTR To generate appropriate restriction sites, the 3' 
end of Ty5-6p was amplified by two pairs of primers: DVol87 
(CGGTACCTATATACCAC), DVol89 (GAGATCTGTTATnTGCAGTTTCT) and 
DV0I88 (CAGATCTCATGCGTATTCAGTT), DVol90 
(TGGATCCTGTTGACGTAGTGAATTA). Both PCR ampUcons were 
sequentially subcloned into the Kpnl-Xhol and BamHI sites in pRS426 to yield 
pSZ128. This resulted in an insertion of polylinker sites, including a Clal site at 
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position 5098 in Ty5-6p. Both Xhol and BamHl sites in the pRS426 polylinker 
were destroyed during cloning. A BamHl-Kpnl fragment from pSZ128 and a 
Hmdm-Kpnl fragment from the internal sequence of Ty5-6p were subcloned into 
the BamHL-Hindin. sites in pSZ139 by three-way ligation to yield pSZ147. Finally 
a Clal fragment with the his3AJ marker from pGTym/»s3AI was inserted to the 
Clal site in pSZ147 (Curdo and Garfinkel 1991). A ligation product with the 
his3AI gene in the antisense orientation to Ty5-6p was chosen as the final 
version of the Ty5 transposition construct, pSZ152. A Ty5-5p transposition 
construct was generated by replacing the Ty5-6p internal HindJII-Kpnl sequence 
with that of Ty5-5p to yield pSZlSl. All PCR products were confirmed by DNA 
sequencing. 
TyS transposition assay 
S. cerevisiae strain GRF167 was transformed with plasmid pSZlSl and 
p5Z152 by electroporation to yield ySZ127 and ySZ128 (Ausubel et al. 1987). 
Transposition assays were performed with modifications as described (Keeney et 
al. 1995). Cells were grown as patches on SC-U/glucose plates at 30<»C for two 
days. The patches were subsequently replica plated to SC-U/galactose medium 
and grown for an additional two days at 23«>oC. Finally, the patches were 
replicated to SC media without histidine (SC-H) and incubated for about 60 hours 
to select His"'' cells. To quantitate the rate of His"*" cell formation, cells were 
scraped from patches on SC-U/galactose plates after two days growth and 
suspended in 10 ml dH20. 200 ml of the cell suspension and 200 ml of a 10*^ cell 
dilution were plated on SC-H plates and rich media (YPD), respectively. Colonies 
were coimted after growth at SOooC for 60 hours. The frequency of His"*" cells was 
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calculated by dividing the colony number on SC-H plates by the product of the 
colony number on YPD plates and the dilution factor. 
To physically characterize de novo Ty5-6p insertions, His+ cells resulting 
from transposition assays were grown on 5-FOA plates to lose the URA3-based 
plasmid, pSZ152 (Ausubel et al. 1987). Genomic DNA was isolated from four 
His'''/Ura~ strains. Approximately 1 mg of this DNA was digested with Xhol, 
separated on 0.8% agarose gels and transferred to nylon membranes by the 
alkaline method (Ausubel et al. 1987). Filters were hybridized with 32p.iabeled 
HISS sequences to identify candidate transposition events. One such event was 
cloned by screening a partial genomic library constructed from a His^/Ura" strain 
by methods previously described (Zou et al. 1995). Flanking sequences from both 
sides of the Ty5-6p insertion were determined with oligonucleotides DVo200 
(CATTACCCATATCATGCT) and DVol83 (CCTCGAGCAGCAAACCTCCGA). 
Chromosome analysis of Ty5 insertions 
To investigate the chromosome distribution of de novo Ty5-6p insertions, 
148 individual His+/Ura" colonies were recovered from transposition assays 
with ySZ135 (W303-1A carrying pSZ152). Chromosomes were prepared in low 
melting agarose plugs, separated in pulsed-field gels using standard conditions 
(BioRad), transferred to nylon membranes and hybridized with a 32p-iabeled 
HiS3-specific probe. 
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Mapping TyS insertions onto chr III 
Genomic DNA was isolated from W303-1A strains with a TyS insertion on 
chr III. For nine strains, sequences flanking the TyS insertion were determined 
by inverse PGR. Approximately 100 ng of genomic DNA was digested with the 
restriction enzyme Mspl in 20 ml. The digestion products were then ligated in 50 
ml at ISooC overrught to promote self-ligatioit The ligation mixture (2 ml) was 
amplified with the Ty5-6p LTR-specific oligonucleotides DVo219 
(TACTGTCGGATCGGAGGTTT) and DVo220 (CTGTGTACAAGAGTAGTACC). 
For the remaining strains, sequences flanking the TyS insertions were amplified 
by standard PCR. LTR-specific primers (DVo219 or DVo220) were used in 
conjunct ion with ol igonucleot ides  f lanking the t ranscr ipt ional  s i lencer  HMR-E,  
HMR-I, HML-E and HML-I, as well as chr III sub-telomeric X repeats. These latter 
oligonucleotides were: DVo211 (TGGTAGAAGCAGTAGTAACT) and DVo212 
(ACCAGAGAGTGTAACAACAG) for HMR-E; DVo2Sl 
(TGCTGAAGTACGTGGTGAC) and DVo253 (AGCCCTATTCGCGTCGTG) for 
HMR-I; DVo247 (CACGAGCTCATCTAGAGCC) or DVo2S0 
(GCCTCTCCTTCTAAGAAGAT) and DVo212 for HML-E; DVo251 and DVo252 
(TTCTCGAAGTAAGCATCAAC) for HML-I. Note that DVo212 and DVo251 are 
complementary to sequences shared by HMR, HML and MAT. The 
oligonucleotides DVo213 [TAGAATATnTTATGTrTAG(G/C)TGA(T/G)TTn 
and DV02S4 [AAA(C/A)TCA(C/G)CTAAACATAAAAATATTCTA) match the 
ACSs in both the left and right chr III sub-telomeric X repeats. Sequences 
flanking TyS insertions were determined with oligonucleotides DVo214 
(CCCTCGAGCATTTACATAACATATAGAAAG) or DVo243 
(CCrrGTCTAAAACATTACTG). 
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Table 1. The distribution of 87 independent Ty5 transposition events among S. 
cerevisiae chromosomes. 
Chromosome(s) Number of insertions Density of insertions per kb 
I I I  26 1/12 
I /VI  10 1/51 
DC 5 1/88 
XI 5 1/133 
I I /X  11 1/140 
VII /XV 14 1/164 
JV 7 1/234 
XVl /XI I I  8 1/244 
V/VIJI  1 1/1100 
Table 2. Locations of <fe novo TyS transposition events on chr III 
TyS Locus Nucleotide Taiget site Distance to 
insertion position on sequence closest ACS 
number chrlZI 
W2 Left telomere 625 GAAAC 413 
W84 Left telomere 798 CTCAC 240 
VI77 Left telomere 853 TATAC 185 
W55 Left telomere 1842+50 ND 850±50 
W28 HML-E 10499 ATTAC 747 
W7 HML-E 11786 TATTT 531 
W144 HML-E 11797 CCATG 542 
W114 HML-I  13584 GTTTG 1104 
W134 HML-I  13783 CATTT 905 
W79 HML-I  13911 TATAC 788 
W68 HML-I  14164 TGTTC 535 
W147 Tyl hot spot 147535±50 ND ND 
W9 HMR-E 290076 AACGT 1291 
W113 HMR-E 290843 CTTAC 525 
W76 HMR-E 291467 AATTC 87 
W66 HMR-E 291541 GAAAG 162 
W44 HMR-I  293675 GAATT 58 
Vf27  HMR-I  293674 GGAAT 57 
W51 HMR-I  293723 GTTGG 106 
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FIGURE LEGENDS 
Figure 1. Sequence analysis of S. paradoxus TyS retrotransposons. (A) A 
comparison of the structural organization of the S. cerevisiae Ty5-1 element and 
the S. paradoxus Ty5-5p and Ty5-6p elements. Open boxes with arrowheads 
indicate long terminal direct repeats (LTRs). Arrows over the internal domain 
indicate open reading frames and arrowheads denote stop codons. Shaded boxes 
depict conserved amino acid sequence domains: R6, RNA binding; PR, protease; 
IN, integrase; RT, reverse tramcriptase; RH, RNase H. The lines designated a 
and b imder Ty5-6p mark the probes used in Fig. 2. The percentages reflect 
nucleotide identity between elements. The naturally occurring deletion in TyS-l 
is noted by the dashed line, and the Ty5-1 RB domain is imrecognizable due to 
nucleotide changes. Bases in Ty5-5p that differ from Ty5-6p are noted below the 
element. (B) Amino acid sequence alignments of domains conserved between 
Ty5-6p and other retrotransposons and retroviruses. Sequences used in the 
alignment are from closely related Tyl-copia group retrotransposons, including 
Tyl-H3 from S. cerevisiae (M18706), Tal-3 from Arabidopsis thaliana (X13291) 
and copia from D. melanogaster (M11240). Black boxes denote identical amino 
acids shared among at least three of the four aligned elements. Numbers 
indicate amino acid residues omitted from the figvure. Note: Tyl does not 
encode an RNA binding domain. (C) The TyS primer binding site is 
complementary to the anticodon stem-loop of S. cerevisiae initiator methionine 
tRNA. Filled circles in the tRNA indicate nucleotides that pair to primer 
binding sites (PBSs); open circles indicate non-paired nucleotides. Nucleotides 
63-76 are complementary to the Tyl PBS; nucleotides 69-76 are complementary to 
the Ty3 PBS; nucleotides 28-40 are complementary to the putative Ty5 PBS. This 
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latter region is shown aligned to the Ty5-1 and Ty5-6p PBSs. The sequence of 
other retrotransposon PBSs that begin at the same nucleotide position are 
shown. GenBank accession numbers for these sequences are: Osser, X69552; 
copia, M11240; Tp2, X52770. Nucleotide differences between some PBSs may 
reflect sequence differences among host initiator tRNAs or element mutations. 
Figure 2. Analysis of Ty5-6p transcripts. (A)  Northern aiialysis of Ty5 transcripts. 
The lane designated S. para shows hybridization of probe a (Fig. 1 A) to 0.7 mg of 
poly(A) RNA isolated from log phase cultures of 5. paradoxus strain NRRL 
Y17217. The 2.4 kb transcript was also observed with probe b (data not shown). 
The lane marked S. cere + gal shows hybridization of probe a to 15 mg of total 
RNA from S. cerevisiae cells carrying plasmid pSZ152 that had been grown on 
2% galactose for 24 hrs. The transcript corresponds in size to the full-length Ty5-
6p element, including the hisAI marker gene. Note: The intensity of 
hybridization does not reflect relative expression levels. (B) Primer extension 
analysis of RNAs described in panel A. The sequencing ladder was generated 
with a subclone of the Ty5-6p 5' LTR with the same primer used for primer 
extens ions .  Base  pos i t ions  of  the  major  s ta r t  s i tes  of  t ranscr ip t ion  a re  noted .  (C)  
Sequence features of the Ty5-6p 5' LTR. Bases which differ from the S. cerevisiae 
Ty5-1 element are shown below the sequence. Arrows denote the terminal 
inverted repeats. Hooked arrows indicate the transcription start sites of Ty5 in S. 
paradoxus, and asterisks indicate start sites in S. cerevisiae determined using 
galactose-induced mRNA. Vertical arrows mark the positions of the GALl-W 
UAS fusions. The PBS is underlined, as is the ATG, which marks the beginning 
of the Ty5 ORF. 
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Figure 3. A Ty5 transposition assay in S. cerevisiae. (A) Selection scheme for 
Ty5 transposition. The Ty5-5p and Ty5-6p elements were placed under the 
transcriptional control of the GALl-lO UAS and further modified by insertion of 
a hisSAl marker gene between the end of the Ty5 ORF and the beginning of the 
3' LTR In this marker, the H/5d gene is interrupted by an artificial intron (AI) 
that is in the antisense orientation relative to the HISS message; SD, splice donor; 
SA, splice acceptor (Step 1). The intron, however, is in the sense orientation to 
be spliced from the Ty5 transcript and the HfS3 gene can be reconstituted after 
reverse transcription of the spliced Ty5 message (Step 2). (B) Yeast cell patches 
carrying the Ty5-5p (ySZ127) and Ty5-6p (ySZ128) were grown on galactose-
containing media to induce transcription and replica plated to media lacking 
histidine to select for the reconstituted H/S3 gene. His"^ cells were only observed 
for Ty5-6p constructs. (C) Frequency of His"^ cells in ySZ128 carrying Ty5-6p. 
Cells were scraped from patches on galactose-containing media, diluted in dH20 
and plated on rich media (YPD) and synthetic media without histidine (SC-H). 
Colonies were counted after growth at 30ooC, and the frequency was calculated by 
dividing the colony number on SC-H plates by the product of the colony number 
on YPD plates and the dilution factor. 
Figure 4. Physical analysis of de novo Ty5-6p transposition. (A) Southern 
hybridization analysis of independent His"*" strains. Genomic DNAs were 
prepared from four His+ strains that had lost the parental pSZ152 plasmid after 
selection on 5-FOA. DNA was digested with Xhol, which does not cut within 
Ty5-6p and hybridized with a HISS probe, which does not hybridize to the 
original strain. Each strain carries a HISS gene on a uniquely-sized Xhol 
fragment that is larger than the plasmid-borne Ty5-6p construct (i.e. 6.5 kb). 
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consistent with transposition of a Ty5 element. (B)  The site of insertion of a de  
novo Ty5 transposition event at the HMR locus on chr ///. The HMR locus is 
depicted as an open box, with the al and a2 genes noted by arrows. E denotes the 
transcriptional silencer of HMR, and the arrowhead marks the ACS within 
HMR-E. The site of Ty5 integration is 442 bases from this ACS. The five bases 
shown on either side of the element are the target site duplications generated 
upon integration. Upstream of HMR-E are two native solo Ty5 LTRs. 
Figure 5. Distribution of Ty5 transposition events on chr I I I .  The shaded bar 
indicates chr III. Expanded views are shown for the left telomere, HML and 
HMR. Locations of de novo Ty5 integrations are indicated by the short vertical 
arrows and strain designation. Arrows pointing down indicate insertions in the 
same 5' to 3' orientation as the chr III sequence. Arrows pointing upward 
represent insertions in the opposite orientation. The positions of relevant ACSs 
are indicated by long vertical arrows. Native Ty5 elements are shown (i.e. Ty5-1, 
Ty5-2, Ty5-3, Ty5-4). For the left telomere, T designates the TG(i.3) repeats, and X 
is the sub-telomeric repeat. For HML and HMR, E and I designate the flanking 
transcriptional silencers. W, X and Z represent homologous regions shared 
between HML,  HMR and MAT.  Ya and Ya are  S f )ec i f ic  for  HML and HMR,  
respectively. Transcripts (al, a2, al, a2) at each mating locus are shown by 
horizontal arrows. 
Figure 6. Ty5 targets and components of silent chromatin. A, E and B denote 
protein binding domains at the transcriptional silencer HMR-E, the telomere, 
and the sub-telomeric X repeat (reviewed in Laurenson and Rine 1992). A is an 
ACS, which is bound by the origin recognition complex (ORC). E denotes RAPl-
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binding sites, which are the TG1.3 repeats at the telomere and sequence 5' 
ACCCATTCATAA 3' at HMR-E (note that the E domain is a component of the 
HMR-E silencer). B denotes ABFl-binding sites. Other regulators that act at 
these sites are shown schematically above the DNA-bound proteins. 
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CHAPTER IV. THESACCHAROMYCESRWTROTRANSFOSONTyS 
INFLUENCES THE GENOMIC ORGANIZATION OF CHROMOSOME ENDS 
A manuscript to be submitted to Nucleic Acids Research 
Sige Zou^, Jin M. Kim^ and Daniel F. Voytas^ 
ABSTRACT 
Transposable elements have long been speculated to be involved in 
genome evolution. We have characterized the genomic orgaiuzation of the 
retrotransposon Ty5 in S. cerevisiae and S. paradoxus. Of ten endogenous Ty5 
insertions in 5. cerevisiae, seven are located within 10 kb of chromosome ends, 
and one is within 15 kb. Two insertions are near the subtelomeric HMR locus. 
This suggests that Ty5 is a subtelomeric repeat. Only one of 12 endogenous 
elements in 5. cerevisiae and S. paradoxus has target site duplicatioi\s. This 
appears to be due to recombination among elements. Recombiiiation is further 
supported by the observation that Ty5 insertions mark boundaries of regions that 
have been duplicated and rearranged in S. paradoxus and S. cerevisiae. The 
integration sites for five of six newly transposed Ty5 elements in chromosomes 
^ Primary researcher and author. 
2 Graduate student who determined insertion sites of newly transposed TyS 
elements and characterized some endogenous elements. 
3 Assistant professor and corresponding author. Department of Zoology and 
Genetics, Iowa State University, Ames, lA 50011. 
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other them chromosome in were mapped to telomeric regions, which supports 
the hypothesis that Ty5 preferentially transposes to these sites. Taken together, 
these data suggest that Ty5 is actively involved in the organization of 
chromosome ends through transposition and recombination. This further 
extends the relationship between telomeres and trai\sposable elements. 
INTOODUCnON 
The telomeres are specific protein-DNA structures found at the termini of 
eukaryotic chromosomes (1). Telomere sequences typically consist of tandem 
arrays of simple repeats synthesized by telomerase, a cellular reverse 
transcriptase. Most organisms have short and precise telomeric repeat sequences 
that are evolutionarily conserved. The Saccharomyces cerevisiae telomeric 
sequences, however, are atypically heterogeneous and consist of arrays of TG1.3. 
A variety of middle repetitive sequences, called subtelomeric repeat sequences, 
are foimd associated with telomeres. These repeat sequences are highly 
polymorphic and not well-conserved among eukaryotes. 
In S. cerevisiae, subtelomeric sequences have been studied in great detail 
(2-4). They are comprised of two major groups, called Y' elements and X repeats 
(5). Y' elements are immediately internal to the telomeres. There are two major 
classes of Y* elements that differ by their size, called Y'-long (6.7 kb) and Y'-short 
(5.2 kb). The size differences are due to a series of small insertions and/or 
deletions. Y' elements in the same class are highly conserved and share 99% 
nucleotide similarity. Y' elements are found on most chromosomes and are 
highly polymorphic among different strains. At the end of any particular 
chromosome, Y' elements are present in zero to four tandemly arranged copies. 
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X repeats are centromere-proximal when present in conjunction with Y' 
elements (3). Junction sequences between X repeats and Y' elements are 
normally short stretches of telomere sequences (TGi.3)n- On some 
chromosomes such as chromosome EH (chr m), no Y' elements are present and X 
repeats are found immediately Internal to the telomere. X repeats consist of a 473 
bp core X sequence as well as varying numbers of short subtelomeric cepeats 
(STR-A, STR-B, STR-C and STR-D) that range in size from 45-140 bp (3,4)-
Boundaries of X repeats vary dramatically due to the presence of STRs. The STRs 
are not present at all chromosome ends, while the core X sequence is found in all 
subtelomeric regions sequenced to date. The core X sequence has 80% similarity 
among different chromosome ends and is less conserved than Y' elements. 
The widespread and polymorphic distribution of X repeats and Y' 
elements suggest that these subtelomeric sequences are in constant flux. Some Y' 
elements have a large open reading frame (ORF) with some homology to several 
viral helicases, suggesting that Y' elements may be related to transposable 
elements (2). However, transposition of Y' elements has never been 
documented. On the other hand, Y' recombination occurs frequently and 
depends on the RAD52 gene, which is required for homologous recombination 
(2,6). Y' elements preferentially recombine with members of the same size class, 
which results in a preponderance of one size class in any given strains. 
Recombination of Y' elements could also result in exchange of sequences 
between ends of chromosomes. Similarly, gene conversion might replace 
sequences at one end of a chromosome with those from another end. Therefore, 
Y' recombination can clearly reshape the organization of the chromosome ends 
(6). The presence of X repeats at the ends of all chromosomes suggests that they 
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may also participate in homologous recombination. However^ movement of X 
re(>eats by recombination has not been documented. 
Ty5 is a retrotransposon identified from S. cerevisiae and its close relative 
S. paradoxus (7J8). The copy number and distribution of Ty5 insertions are 
polymorphic in different Saccharomyces species and strains. Characterization of 
eight endogenous Ty5 insertions in 5. cerevisiae showed that two are associated 
with the silent mating locus HMR and six are located in subtelomeric regions. 
None of these elements are transposition-competent. In S. paradoxus, two of 
three characterized Ty5 insertions are likely subtelomeric, based on their 
association with a subtelomeric X repeat (8). A Ty5 transposition assay was 
developed in S. cerevisiae using an S. paradoxus element Of 22 newly 
transposed Ty5 elements on chr m, three were inserted near the left telomere 
and 18 were inserted near transcriptional silencers at the HMR and HML loci. 
These observations indicate that the Ty5 retrotransposon family preferentially 
integrates into silent chromatin at the telomeres and the mating loci. 
Transposable elements have been speculated to play an important role in 
evolutionary processes. The extensive characterization of the S. cerevisiae 
genome makes it possible to directly evaluate how transposable elements 
iiifluence genome organization. The telomeric location of Ty5 suggests that it 
may play a particular role in the dynamic nature of chromosome ends either 
through recombination or transposition. We compared Ty5 between S. 
cerevisiae and S. paradoxus to understand how this element is involved in 
genomic organization, especially at the ends of chromosomes. 
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MATERIALS and METHODS 
Strains. The following yeast strains were used in this study: 5. paradoxus 
NRRL Y-17217 (Northern Regional Research Laboratory), wild-type S. cerevisiae 
strains SKI and S288C for the characterization of endogenous Ty5 insertions Q.D. 
Boeke, Johi« Hopkins University); S. cerevisiae W303-1A {MAT^adeZ-l canJ-100 
his3-ll leu2-3 trpl-1 uraS-l) for the Ty5 transposition assay (A. Myers, Iowa State 
University). The E. coli strain XLl-blue was used for recombinant DNA 
maiupulations. Trarxsformation of £. coli and yeast straii^ was performed by 
electroporation as described (9). 
DNA manipulations. Yeast genomic DNA and chromosomes were 
prepared as described (9). The genomic DNA was digested with restriction 
eiu:ymes and separated by agarose gel electrophoresis. Yeast chromosomes were 
separated by pulsed-field gel electrophoresis. Gels containing genomic DNA or 
chromosomes were transferred to nylon membranes by alkaline transfer (10). 
Filters were hybridized with DNA fragments that had been radio-labeled by 
random-priming (Promega). Hybridization probes included Ty5 internal 
sequences (probe A and B in Fig. lA), the long terminal repeat (LTR) (Fig. lA), as 
well as sequences flanking Ty5 insertior^s. The LTR was amplified from Ty5-5p 
with oligonucleotides DV0182 (S'GGGTAATGTTTCAGTS') and DV0116 
(5TAGTAAGTTTATTGGACC3'). Sequence flanking the 5' end of Ty5-12p 
element was amplified with DV0200 (5'CATTACCCATATCATGCT3') and the 
reverse primer. DNA sequences were determined with the fmol sequencing kit 
(Promega), or by the Nucleic Acid Facility of Iowa State University. Sequence 
analysis was performed using the GCG computer programs (11). 
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Mapping newly transposed Ty5 insertions. Sequences flanking newly 
trai\sposed Ty5 elements were amplified by inverse PCR method as described 
(12). Briefly, approximately 100 ng of genomic DNA was digested with Mspl and 
self-ligated in a 50 ^1 ligation mixture. Sequences flanking Ty5 insertions were 
amplified from 2 ^1 of the ligation mixture with Ty5-6p LTR-specific 
oUgonucleotides DV0219 (5TACTGTCGGATCGGAGGTTT3') and DV0220 
(5'CTGTGTACAAGAGTAGTACC3'). PCR products were sequenced with 
oligonucleotides DV0214 (S'CCCTCGAGCATTTACATAACATATAGAAAGS') 
or DV0243 (5'CCTTGTCTAAAACATTACTG3')- Ty5 integration sites were 
determined by comparing these sequences to the S. cerevisiae genome database. 
RESULTS 
Distribution of Ty5 insertions in S. paradoxus strain NRRL Y-17217: 5. 
paradoxus is a close relative of 5. cerevisiae, with 16 chromosomes and a similar 
electrophoretic karyotype (13). Seven of eight single copy genes characterized 
show similar chromosome locations in the two species. The single exception is a 
gene that appears to be deleted in S. paradoxus. Some repetitive S. cerevisiae 
sequences, such as Tyl, Ty2, Ty5 and subtelomeric Y' elements, X repeats and 
STRs are also present in S. paradoxus. Although overall sequence homology 
between these species is about 50% based on DNA-DNA reannealing analysis, the 
rDNA sequences share more than 90% similarity (14,15). Ty5 elements also share 
about 90% similarity (16). The close relationship between S. paradoxus and S. 
cerevisiae suggest that they may provide a good model for comparative analysis 
of genome organization. 
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A previous survey of S. paradoxus strains showed that NRRL Y-17217 
harbored the most Ty5 insertions (8). A transpositionaily active Ty5 element, 
Ty5-6p, was isolated from this strain (16). We estimated Ty5 copy number in this 
strain by Southern hybridization analysis. Filters were hybridized with probes 
specific to either Ty5 interiuil sequences or Ty5 LTRs (Fig. lA). Based on 
sequences of three Ty5 insertions (Ty5-1, Ty5-5p and Ty5-6p), Xhol does not cut 
inside Ty5 and should generate DNA fragments that reflect the copy number of 
individual insertions. Hindin cuts once inside Ty5 and should generate DNA 
fragments that reflect the copy number of individual LTRs. At least six 
restriction fragments hybridized to both internal and LTR sequences in NRRL Y-
17217 (Fig. IB). In the Hmdin lanes, there are at least seven more restriction 
fragments that hybridized to the LTR (Fig. IB). Some of these extra LTRs may be 
solo LTRs, which are derived from recombination between LTRs of full-length 
Ty5 elements. 
The chromosomes of NRRL Y-17217 were separated by a pulsed-field gel 
electrophoresis and transferred to a nylon filter. The chromosome location of 
Ty5 insertions was analyzed by hybridizing the filter with either Ty5 internal or 
LTR sequences (Fig. 2). Ty5 elements with internal sequences were located on 
five chromosome bands corresponding to chr VI or I, HI, XI, XVI or Xni and XIV 
or vn. Ty5 LTRs were located on these same chromosome bands and another 
chromosome band corresponding to chr XIV or IX 
Duplication and rearrangement of sequences flanking Ty5 insertions in 5. 
paradoxus: We previously isolated five Ty5 insertions from S. paradoxus (8). To 
investigate the relationship between Ty5 and genome organization, sequences 
flanking these insertions were determined and compared to the S. cerevisiae 
genome database or used in Southern analysis. As previously reported, 5' and 3' 
93 
sequences flanking Ty5-6p share about 90% similarity to sequences on S. 
cerevisiae chr XI (8). The 5' flanking sequence was chosen as a probe for 
Southern hybridization analysis. It hybridized to chr XI of S. paradoxus as well as 
5. cerevisiae (Fig. 3A), indicating that Ty5-6p is located on 5. paradoxus chr XI and 
its flanking sequences are conserved in sequence and location between the two 
species. No evidence for a Ty5 insertion, however, was found at the 
corresponding region on S. cerevisiae chr XI, suggesting TyS^p transposed to this 
site after divergence of the two species. 
Some Ty5 elements were flanked by sequences unique to S. paradoxus. 
For example, the 5' flanking sequence of Ty5-5p shows no significant homology 
to any available sequences of S. cerevisiae, while the 3' flanking sequence shares 
high homology with a subtelomeric X repeat. The results from Southern 
analysis showed that the unique 5' flanking sequence hybridized to 5. paradoxus 
chr m and XI, suggesting that this sequence is duplicated between these 
chromosomes (Fig. 36). Since Ty5-5p is associated with a subtelomere specific X 
repeat, the duplication may have occurred between the ends of chr m and XI. 
The same 5' flaiiking sequence, however, failed to hybridize to any 
chromosomes of several S. cerevisiae strains, indicating this flanking sequence is 
unique to 5. paradoxus (Fig. 3B and data not shown). Sequence analysis of Ty5-
14p indicated that it has a 5' deletion, which includes the 5' LTR. The 3' flanking 
sequence has no significant similarity to any available S. cerevisiae sequences. 
However, Southern hybridization was not performed to determine its location. 
Flanking sequences of some elements suggest that Ty5 insertions mark 
sites that have been rearranged between S. paradoxus and S. cerevisiae. For 
example, the 3' sequence of Ty5-12p shares 90% similarity with that at the middle 
region of the left arm of S. cerevisiae chr I (Fig. 3D). The 5' flanking sequence 
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shares 90% similarity with a subtelomeric region of S. cerevisiae chr V. The 5' 
sequence hybridized to S. cerevisiae chr V, consistent with the sequence 
comparison (Fig. 3C). This sequence, however, hybridized to S. paradoxus chr HI 
and XI, indicating that it has been duplicated and rearranged between these 
species. Part of the flanking sequences of insertion Ty5-llp were also 
determined. The 5' sequence shares 84% similarity with that at the subtelomeric 
region of S. cerevisiae chr XVI, but the 3' sequence share 84% similarity with that 
at the subtelomeric region of S. cerevisiae chr XIII. Although chromosome 
location of this element was not determined by hybridization analysis, these 
results indicate a sequence rearrangement between 5. paradoxus and 5. 
cerevisiae. 
The role of Ty5 in rearrangements is further supported by analysis of target 
sites. Ty5 creates five bp target site duplications upon integration into the host 
genome (16). The target sites of several Ty5 insertions were analyzed (Table I). 
Only the Ty5-6p ii\sertion has target site duplications. It is interesting to point 
out that the five bp target sequence (TGTCA) at the 3' end of Ty5-14p is the same 
as that at the 5' end of Ty5-5p. This suggests that Ty5-5p and Ty5-14p recombined 
and exchanged targets, and Ty5-14p subsequently suffered a deletion of its 5' 
region (Fig. 4). Evidence for such a recombination event is also supported by 
sequence differences among the LTRs of these element. The 3' LTR of Ty5-5p has 
four bp that differ from the 5' LTR. The Ty5-5p 3' LTR, however, is identical at 
these four nucleotide positions to the 5' LTR of Ty5-14p, aruguing strongly that a 
recombination events had occured between these elements. 
Features of sequences flanking endogenous Ty5 insertions at the 
subtelomeric regions in S. cerevisiae: To understand the distribution of Ty5 in 
the S. cerevisiae genome, we identified all Ty5 insertions within the ten 
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available yeast chromosome sequences. In this search, only sequences with more 
than 65% similarity to the Ty5-1 LTR were considered. Eight Ty5 insertions were 
found, including six previously identified on chr m, chr VU, Vm and XI. The chr 
Vn insertion (designated Ty5-18) had previously been identified only by 
Southern hybridization analysis (8). Two new insertions were identified on chr 
V, designated Ty5-16 and Ty5-17. The chr V insertions are near the right 
telomere but are in opposite orientation. Using the autonomous replication 
consensus sequence (ACS) in the nearest X repeat as a reference point, Ty5-17 is 
within 600 bp of the X repeat and Ty5-16 is within 2.7 kb. No Ty5 insertions were 
found on chr I, H, VI, IX, X and XUI. 
To investigate the relationship between Ty5 and genome organization, 
target site sequences were characterized for Ty5 insertions with LTR sizes 
comparable to Ty5-1. Similar to those in S. paradoxus, none of these insertions 
have perfect target site duplications, except that Ty5-16 has flanking target 
sequences with four identical nucleotides out of five (Table I). However, the 5' 
target site of Ty5-17 is the same as the 3' target site of Ty5-16, suggesting a gene 
conversion between these two. 
As in 5. paradoxus, some Ty5 elements mark duplicated sequences in the 
S. cerevisiae genome. Genome sequencing efforts indicate that extensive 
duplications have occurred between the telomeric regions of chr in and chr XI 
(17,18). Four Ty5 insertions are present in these duplicated regions (Fig. 5) (8). 
The chromosome ends, including the X repeat, are similar between the chr HI left 
telomere and both telomeres of chr XI (region a). The homology ends at the Ty5-
1 insertion on chr in. Downstream of region a, the chr XI left-end has a unique 
50 bases and both chr XI ends share a second duplicated sequence (region b). For 
the chr XI left-end, the b region terminates in sequences that have been 
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duplicated from the right-end of chr m. The right-end of chr XI, however, has a 
Ty5 insertion at the end of the b region (Ty5-7). This insertion has different 
target sites from Ty5-1 and is in the opposite orientation, clearly indicating that 
they are different insertions. Centromere proximal to Ty5-1 and Ty5-7 are 
several kb of duplicated sequences, which include a Ty5 insertion (Ty5-4). The 
location of Ty5-1 and Ty5-7 at the boundaries of rearrangements suggests that 
these elements have played a role in these events. 
Ty5 preferentially transposes to subtelomeric regions in S. cerevisiae: We 
have previously characterized 22 newly transposed Ty5 elements on chr ni. Of 
these elements, 21 occurred in regions of silent chromatin, including 18 at the 
HMR and HML mating loci and three at the left telomere (16). We hypothesized 
that this integration pattern is due to a mechanism that targets Ty5 to silent 
chromatin. For chromosomes other than chr in, the only known regions of 
silent chromatin are at the telomeres. We wanted to investigate whether Ty5 
insertions on other chromosomes are near the telomeres. Preferential 
integration of these elements to multiple telomeres would provide a basis for 
Ty5 to play a role in the genomic organization of chromosome ends. 
Six strains with newly transposed Ty5 elements were randomly chosen 
from a collection of previously characterized strains. These insertions reside on 
chr VI, IX and XI (Fig. 6). Sequences flanking these elements were amplified by 
inverse PGR and used directly for DNA sequencing . Iitsertion W3 on chr XI 
(514309, ACATC) is 152 kb away from the end of the chromosome. The 
remaining elements are all near chromosome ends. Wll and W109 are less than 
4.7 kb from the left end of chr VI; W86 is approximately 7.3 kb from the right end 
of chr IV; W136 is about 9.6 kb from the left end of chr IX; W35 is 0.6 kb from the 
right end of chr XI. Using the ACS in the X repeat as a reference point, Wll and 
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W109 are within 1 kb upstream of the ACS and within the 3' end of a Y element. 
W35 is less than 500 bp from the ACS and W136 is within 1.8 kb of the nearest 
ACS. These restilts suggest that Ty5 preferentially transposes to the ends of 
multiple chromosomes, which confers to Ty5 influence the genomic 
organization of chromosome ends. 
DISCUSSION 
TyS is a subtelomeric repeat: From the available S. cerevisiae genomic 
sequence, we have identified ten endogenous Ty5 insertions. Of these, seven are 
located within 10 kb of the ends of chromosomes, and one is within 15 kb. Two 
insertions are near the HMR locus. If HMR (approximately 20 kb from the end of 
chr ni) is considered to be a subtelomeric region, then all the endogenous TyS 
insertions are in the vicinity of chromosome ends. In addition, characterization 
of TyS in different Saccharomyces species and strains indicated that TyS 
distribution is polymorphic in and varies in copy number and chromosome 
location (8). We have previously mapped the locations of 22 newly transposed 
TyS insertions on chr m (16). One insertion is in the middle of the right arm of 
chr ni; 18 are at the silent mating loci, HML and HMR} three are within 2 kb of 
the left-telomere. Here we mapped the locations of six newly transposed TyS 
insertions on chr VI, IX and XI, which are not known to have silent chromatin 
except at the telomeres. Five of six are located within 10 kb from the ends of 
these chromosomes. These results indicate that TyS is a typical subtelomeric 
repetitive element in terms of its location and highly polymorphic nature. 
At the subtelomeric regions of S. cerevisiae, the X repeats and Y' elements 
are the two most abundant repetitive sequences (S). Y' elements are immediately 
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adjacent to the telomere sequences and are found at the subtelomeric regions of 
most but not all chromosomes (2). The distribution of Y' elements varies among 
different strains. Internal to Y' elements are X repeats, which are found at the 
ends of all chromosomes. Junction sequences between X repeats and Y' elements 
are generally the telomere repeat sequences TG1.3 (3)- The ends of chromosomes 
have a relatively rigid organization; internal to the telomere sequences are Y' 
elements, followed by X repeats. The location of Ty5, however, is very flexible. 
Insertions can be found within the telomere sequences, between X repeats and 
the telomere sequences or centromere-proximal to X repeats or Y' elements. 
This appears to be due to the nature of Ty5 transposition, which is not site-
specific but rather shows a regional preference. 
Ty5 elements and X repeats: Before its designation as a retrotransposon, 
the LTRs of Ty5-1 were thought to be X repeats, because of their location in the 
subtelomeric regions (7,18). The sequence of multiple chromosome ends made it 
possible to determine a consensus sequence for the actual X repeat (3). This 
sequence is different from the Ty5 LTRs, but Ty5 elements have consistently been 
found associated with X repeats (8,16). Most Ty5 insertions are within two kb of 
the X repeats. This association may be related to sequence features of X repeats; X 
repeats have a binding site for the transcription factor ABFl and an ACS, which 
may interact with the origin recognition complex (ORC)(3,19). ABFl and ORC 
are involved in silencing at HMR and HML (20). Another silencing related 
transcription factor, RAPl, binds the telomere sequences and the transcription 
silencers, HMR-E and HML-E (19,21). In some chromosomes, such as chr in, the 
X repeat is immediately adjacent to the telomere sequences, whicli brings 
together the three protein binding sites (18). This organization is similar to that 
of the trai\scription silencer HMR-E. HMR-E has three sequence domains that 
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bind RAPl, ORC and ABFl, which in turn recruit other silencing-related 
proteins, such as SIR proteins, to assemble silent chromatin (20). The telomeres 
are also assembled into silent chromatin and suppress the expression of nearby 
genes (called telomere position effect) (22). This suppression, however, is not 
stable and is epigenetically regulated. This is different from the complete and 
stable repression observed at HMR. However, experiments that demonstrated 
telomere (>osition effect were performed in the absence of X repeats. The 
presence of X repeats may allow telomeres to assemble silent chromatin more 
similar to that found at HMR-E, and thereby enhance their ability to repress gene 
expression. This silent chromatin may, in turn, help guide Ty5 integration into 
subtelomeric regions. 
Transposable elements and the origin of subtelomeric repeats: The ends 
of yeast chromosomes consist of telomere repeat sequences and middle repetitive 
Y' elements and X repeats. Telomere sequences are generated by reverse 
transcription, which is carried out by telomerase (1). Telomerase is the only 
known reverse trai\scriptase that is not associated with retroelements, and may 
have originated from a retrotransposon or a retrovirus. The Y' elements have 
some features of transposable elements; however, transposition of Y' elements 
has never been demonstrated (2). Although X repeats are conserved among 
Saccharomyces, their origin is largely unknown (3). Characterization of Ty5 
elements has indicated that they are subtelomeric repeats. In contrast to the 
other repeat sequences, the Ty5 elements are typical LTR retrotransposons and 
actively transpose to subtelomeric regions. This provides direct evidence that 
subtelomeric repeats can originate from transposable elements. The link 
between transposable elements and telomeres is further substantiated by the 
observation that the HeT and TART transposable elements of Drosophila 
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tnelanogaster serve as telomeres (23,24). Transposable elements, therefore, may 
generally contribute to the structure of chromosome ends. 
Ty5 and the otganization of subtelomeric regions: The Ty5 elements are 
unique among yeast subtelomeric repeats in that they can actively shape 
chromosome ends through recombination as well as transposition. The copy 
number of Ty5 varies extensively in strains of both S. cerevisiae and S. 
paradoxus (8), In S. cerevisiae, functional Ty5 elements do not exist, and 
therefore their influence on genome organization is limited to recombination 
similar to the Y* elements. In S. paradoxus, however, there are transposition-
competent elements that can actively participate in restructuring chromosomes. 
The close relationship between the two yeast species makes them ideal models to 
more precisely evaluate the extent to which Ty5 has influenced genome 
organization. 
Analysis of de novo transposition events clearly demonstrated that Ty5 
generates five bp target site duplications (16). Characterization of endogenous 
insertions, however, showed that only one is flanked by such duplications. There 
are two possibilities to explain this phenomenon. First, the absence of target site 
duplications may be due to random mutation. We reason that if this is the case, 
the LTR sequences among different Ty5 insertions should be degenerate to the 
same extent as the target sites. The LTRs of Ty5-5p and Ty5-12p share more than 
98% similarity with the transpositioruilly functional Ty5-6p LTR, suggesting that 
these insertions are not ancient and their target sites should not have 
dramatically mutated. The target sites of Ty5-5p, however, share no similarity 
and the target sites of Ty5-12p have only one nucleotide in common. This 
suggests that mutation is not a major contributor to the observed absence of 
target site duplications. 
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Another possibility is that recombination between elements has resulted 
in the lack of target site duplications. There are several examples that sup(>ort 
this model. The five bp at the 5' target site of Ty5-5p are the same as those at the 
3' target site of Ty5-14p. These two insertions may have recombined, resulting in 
the exchange of target sites. We can not tell whether the 3' target site of Ty5-5p is 
same as the 5' target site of Ty5-14p, because Ty5-14p has suffered a deletion of its 
5' LTR. Additional support, however, is provided by four nucleotide differences 
between the LTRs of Ty5-5p. These four nucleotides in the Ty5-5p 5' LTR are 
shared with the 3' LTR of Ty5-14p, suggesting that these LTRs originated from 
the same element. The Ty5 recombination hypothesis is further supported by S. 
cerevisiae elements. The 5' target sequence of Ty5-17 is same as the 3' target 
sequence of Ty5-16, while the target sites of Ty5-16 differ in only one nucleotide. 
A possible explanation for this observation is that gene conversion occurred 
between Ty5-16 and Ty5-17. In this process, the 5' target site of Ty5-17 was 
replaced by the target sequence of Ty5-16 (GTTCT), but the other site of Ty5-17 
and both target sites of Ty5-16 remained unchanged. The 5' target site of Ty5-16 
subsequently mutated, resulting in one nucleotide difference. Experiments need 
to be conducted to test whether subtelomeric Ty5 elements can recombine among 
themselves and exchange their newly acquired target sites. 
Recombination between repetitive sequences has likely played an 
important role in restructuring chromosomes. We have obtained evidence that 
Ty5 has been involved in recombination events, and these events have 
reorganized chromosomes in S. cerevisiae and S. paradoxus. For example, the 5' 
flanking sequence of Ty5-12p is located on chr V of S. paradoxus but is duplicated 
on chr EI and chr XI in S. cerevisiae. The 5' flanking sequence of Ty5-5p is 
duplicated between chr in and chr XI in S. paradoxus, but is completely absent 
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from S. cerevisiae. Similarly, duplicated sequences between chr in and chr XI in 
S. cerevisiae have boundaries that are marked by Ty5 insertions. Since most Ty5 
elements are located in the subtelomeric regions, Ty5 recombination has 
particularly influenced the organization of chromosome ends. Recombination 
between some subtelomeric repeats, such as Y' elements, has been well 
characterized (2). Taken together, these observations clearly support the role of 
repetitive sequences, including transposable elements, in influencing 
chromosome structure. Further characterization of the genomic orgaiuzation of 
closely related species such as S. paradoxus and S. cerevisiae will likely offer 
additional perspective on chromosome evolution. 
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Table I. Sequences of target sites of Ty5 insertions. 
Species Insertions Left target Right target Target LTR 
similarity similarity 
S.paradoxus Ty5-6p TCGTA TCGTA 5/5 100% 
Ty5-5p TGTCA CTATC 0/5 100%,98.4% 
Ty5-10p AGTAT TATAA 2/5 98.4% 
Ty5-12p AGTAT '1"1"1"1C 1/5 98.7%:157bp 
Ty5-14p TGTCA 100%:117bp 
S.cerevisiae Ty5-1 TTTCA TATCC 3/5 86-89% 
Ty5-2 TTCCT TAAAA 1/5 87% 
Ty5-3 ATCGC TTTGC 3/5 73% 
Ty5-7 CGTGG TACCG 1/5 78% 
Ty5-8 GTATA ATATG 3/5 71% 
Ty5-16 GTTAT GTTCT 4/5 91% 
Ty5-17 GTTCT TTACA 2/5 68% 
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HGURE LEGENDS 
Figure 1. Copy number of TyS elements in strain NRRL Y-17217. A) Genomic 
organization of Ty5-6p. Open boxes with arrows indicate the LTRs. Striped and 
hatched boxes depict conserved amino acid sequence domains; PR, protease; IN, 
integrase; RT, reverse transcriptase; RH, RNase H. The arrow over the element 
indicates the open reading frame. E and S denote restriction endonuclease sites 
for EcoRI and SmaL The lines under the element depict probes used for 
hybridization analyses. B) Southern hybridization analyses of strain NRRL Y-
17217. DNA was digested with HindJIl (H) or Xhol (X). Molecular length 
markers are indicated, and arrows denote Xhol restriction fragments that 
hybridize to probe A. 
Figure 2. Chromosome distribution of TyS in NRRL Y-17217. Filters were 
prepared from pulsed-field gels and hybridized with probes described in Figure 1. 
The identities of hybridizing chromosomes are indicated. 
Figure 3. Organization of sequences flanking 5. paradoxus TyS insertions in 5. 
paradoxus and S. cerevisiae. S. para designates 5. paradoxus and SKI and S288C 
are wild-type strains of S. cerevisiae. Filters prepared from pulsed-field gels were 
hybridized with 5' flanking sequences of Ty5-6p (A), Ty5-5p (B), and Ty5-12p (C). 
D) Rearrangements of sequences flanking Ty5-12p. The 5' flanking sequence of 
Ty5-12p is located on chr HI and chr XI of S. paradoxus, but is located on chr V of 
S. cerevisiae. The number denotes the base position corresponding to the chr V 
nucleotide sequence. The 3' flanking sequence shows homology to the middle of 
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S. cerevisiae chr I, with the number indicating the base position within the 
chromosome. 
Figure 4. Proposed model for the rearrangement that generated Ty5-5p and Ty5-
14p. Two parental elements are shown with LTRs that differ by black or speckled 
arrowheads. Nucleotide differences between these LTRs are shown, with 
numbers indicating base positions. Sequences of target sites on either side of the 
elements are provided. 
Figure 5. Sequence rearrangements between chr III and chr XI of S. cerevisiae. 
The ends of chromosomes are designated as L (left) or R (right). T indicates 
telomeric repeat sequences, and the narrow black box represents the X repeat. 
Open boxes with arrowheads depict Ty5 LTRs, and the element name is 
provided. Duplicated sequence domains are indicated by arrows and designated 
as a, b or c. The open box labeled chr ni R represents an additional sequence 
duplication between chr XIL and chr m R. 
Figure 6. Location of de novo transposition events on chr VI, chr IX and chr XI. 
The ends of chromosomes are aligned by their X repeats (narrow black boxes). 
Symbols are the same as in Figure 5; ACS, autonomously replicating consensus 
sequence. The sizes of Y* elements are provided. Open boxes with labels indicate 
open reading frames. Numbers designate base positions of open reading frames 
and Ty5 insertion sites. 
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CHAPTER V. PREFERENTIAL INTEGRATION OF THE RETROTRANSPOSON 
Ty5 IS DETERMINED BY COMPONENTS OF SILENT CHROMATIN 
A manuscript to be submitted to Science 
Sige Zou^ and Daniel F. Voytas^ 
Replication of retroelements, which include retroviruses and 
retrotransposons, requires integration of their cDNA copies into host genomes. 
Characterization of retroelement integration patterns indicates that the choice of 
target DNA is not random (1, 2). For example, some retroviruses, such as 
murine leukemia virus (MLV), preferentially insert near DNase I hypersensitive 
sites or transcriptionally active regions in the host genome. Clear evidence for 
retroelement target specificity comes from characterization of endogenous and 
newly transposed retrotransposons in S. cerevisiae. There are five families of 
retrotransposons in S. cerevisiae, called Tyl, Ty2, TyS, Ty4 and Ty5 (3,4). Tyl-Ty4 
are associated with similar targets, namely genes transcribed by RNA polymerase 
in (pol ni), such as tRNA and 55 rRNA genes. Ty3 insertions are very precise 
and most are within several bp of the transcription start sites of target genes (5). 
On the other hand, Tyl, Ty2 and Ty4 show regional specificity, and most 
insertioi^s are foimd within several hundred bp upstream of their targets. TyS 
has a strikingly different target specificity; TyS elements are found within several 
1 Primary researcher and author. 
2 Assistant Professor and author for correspondence. Department of Zoology & 
Genetics, Iowa State University, Ames, lA 50011. 
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hundred bp of silent chromatin at the telomeres and the silent mating loci HMR 
and HML (6,7). 
Although retroelement integration has been extensively studied, 
molecular mechanisms regarding target selection are poorly understood. 
Retroelement target choices can be influenced by target chromatin, including 
DNA structures and protein factors, as well as by the integration complex, of 
which the element-encoded integrase is a key component Some studies suggest 
that the retroelement integration complex can recognize special DNA structures 
at the targets. Partially purified preintegration complex or purified integrases of 
MLV and human immunodeficiency virus (HIV) cause integration 
preferentially near bent DNA targets (8). The DNA bends are formed either by 
DNA binding proteins or are inherent to its sequence. Although avian leukosis 
virus can integrate to any region in the host genome, its integration shows some 
regional and positional specificity, presumably due to local DNA structure (9). 
When nucleosome-bound DNA is used as a target in vitro, integration of MLV 
and HIV favors the exposed major groove of DNA (10). These observations 
implicate DNA structure in retroelement target selection. 
In determining retroelement target choice, compelling evidence supports 
the involvement of protein-protein interactions between integration complex 
and host proteins (11). Tethering HIV integrase with the DNA binding protein X 
repressor (X,R) can preferentially direct HIV integration near XR recognition 
sequences in vitro (12). A host factor, called Inil, was identified that interacts 
with HIV integrase by two-hybrid screens (13). Inil protein is the human 
homolog of S. cerevisiae Snf5. Snf5 is a member of a large protein complex 
involved in shaping chromatin structure and activating gene expression (14). 
Another line of evidence for the role of protein-protein interactions comes from 
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studies of Ty3 targeting. The precision with which Ty3 inserts upstream of pol in 
transcribed genes suggests a direct interaction between the Ty3 integration 
complex and the pol m transcription machinery. In in vitro transposition assays, 
protein fractions containing the pol m transcription factors TFIIIB and iHllC are 
required and sufficient for Ty3 target specificity (15). Mutations of pol m 
promoter sequences that abolish the loading of TFIIIB and TFmC on DNA also 
abolish Ty3 integration to these targets (16). This suggests that interaction 
between Ty3 integration complex and some component of TFIIIB or TFIIIC 
directs Ty3 elements to their targets. Similar pol in promoter mutations disrupt 
in vivo targeting of Tyl to tRNA genes, indicating that the pol m transcription 
complex also mediates targeting of Tyl elements (17). 
To investigate molecular mechatusms of retroelement targeting, we 
developed genetic assays that measure integration of the Saccharomyces 
retrotransposon Ty5. In S. cerevisiae, Ty5 elements are clustered near silent 
chromatin at the mating loci and telomeres (6, 7). Two transcriptional silencers, 
HMR-E and HML-E, are among the hot-spots for Ty5 transposition. HMR-E and 
HML-E are cts-sequences required for transcriptional silencing at the mating loci 
on chr HI (18). A PGR assay was developed to determine the frequency of Ty5 
transposition near HMR-E and HML-E in various mutants that affect silent 
chromatin (Fig. 1; (19)). For a given mutant, several hundred His"^ cells with 
chromosomal Ty5 insertions were randomly collected (20). Genomic DNA was 
prepared from cells representing ten independent transposition events (21). To 
identify Ty5 transpositions, these genomic DNAs were amplified with three 
primers (Fig. 1; (22)). One is specific for the Ty5 LTR (DV0200). A second is 
specific for HMR-E, and lies 1.3 kb upstream of the autonomously replicating 
coiisensus sequences (ACS) at HMR-E (DV0211). The third primer lies 1 kb 
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downstream of this ACS, and also matches sequences downstream of HML-E 
(DV0247). Therefore, all Ty5 insertions near HMR-E, and Ty5 insertior\s in one 
orientation near HML-E should be amplified by these primers. A second round 
of PCR was performed to distinguish those that occurred at HMR-E (using 
DV0211, DV0220 and DV0200) or HML-E (using DV0247 and DV0220). In 
summary, this assay made it possible to look for Ty5 ix\sertions within a 2.3kb 
window near  both HMR-E and HML-E.  
HMR-E consists of three sequence domains, called A, E and B, which 
interact with the origin recognition complex (ORC) and the transcription factors 
RAPl and ABFl, respectively (23). Although deletion of any one of these 
domains causes slight derepression of transcription at HMR, deletion of any two 
or all three domains completeley disrupts HMR silencing (24). Using the PCR 
assay, the frequency of Ty5 transposition near HMR-E and HML-E was 
determined in  s t ra ins  carrying al l  combinat ions of  mutants  of  the three HMR-E 
domains (Table I). The frequency of Ty5 transposition near HML-E served as the 
experimental control. In the wild type strain, 1.9% (17/908) of Ty5 transposition 
events occurred near HMR-E and 2.2% (20/908) occurred near HML-E. Ty5 
transposition frequency in A or B mutant strains was not significantly different 
from wild type. Deletion of the E domain caused about a four-fold reduction of 
transposition near HMR-E, which is statistically significant, but this deletion did 
not affect transposition near HML-E. Ty5 transposition was further characterized 
in strains doubly or triply mutant for the three HMR-E domains. Transposition 
was signficantiy reduced at HML-E in all of these strains except the AE-AB 
mutant. No Ty5 insertions, however, were found near HMR-E in these 
collections, which corresponds to more than a 13-fold reduction. Because 
deletion any one of the HMR-E domains only slightiy affects HMR silencing, and 
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deletion of any two or all three completely disrupts HMR silencing (24), this 
suggests that the preferential transposition of Ty5 near HMR-E is correlated with 
the status of silent chromatin. 
Characterizaton of mutants in cts-acting sequences suggests that protein 
components of silent chromatin may play an important role in Ty5 target 
specificity. To identify these proteins, we assayed transposition frequency in 
strains deleted for S/R7, SIR2, SIRS or SIR4 (Table 11). SIR1-SIR4 are protein 
components of silent chromatin, and deletion of SIR2, SIRS or SIR4 completely 
disrupts trat\scription silencing at HMR, HML and the telomeres (23). Deletion 
of SIR! results in epigenetic derepression at HMR and HML but does not 
inf luence s i lencing a t  the te lomeres .  Ty5 transposi t ion frequency in  SIRl ,  SIR2 
or SIR4 mutant strains was significantly reduced (about two-fold), suggesting that 
disruption of silent chromatin affects transposition. More significantiy, Ty5 
transposition frequency decreased five- to six-fold in the SIRS mutant strain. 
This indicates that protein components of silent chromatin, especially SIRS, are 
important for Ty5 traivsposition. 
These results show that Ty5 insertior\s are preferentially directed to their 
target sites by silent chromatin. Sequence components per se are not critical for 
target choice, since deletion of either A or B of the HMR-E domains does not 
dramatically reduce transposition to this region. Rather, the sequences appear to 
be responsible  for  recrui t ing proteins .  The A,  E and B domains of  HMR-E 
interact with ORC, RAPl and ABFl, respectively (Z3). These proteins are 
assembled into silent chromatin along with other proteins, such as SIR1-SIR4. 
Double or triple mutations at HMR-E that disrupt silencing, also dramatically 
decrease or ablolish Ty5 transposition at this locus. This suggests that one or 
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several proteins in silent chromatin direct the Ty5 integration complex to its 
targets. 
The association of Ty5 with silent chromatin indicates that Ty5 serves as a 
marker for silent regions. Some de novo Ty5 insertions and the endogenous 
Ty5-6p element were found at sites not known to be silenced. The only known 
silent chromatin in S. cerevisiae is at the telomeres and the silent mating loci 
HML and HMR, but silent chromatin is speculated not to be limited to these 
regions. Studies of aging in 5. cerevisiae suggest that the SIR complex is present 
elsewhere and regulates expression of aging genes (25). These regions of silent 
chromatin, however, have not yet been identified. The relationship between Ty5 
and SIR-related gene silencing suggests that Ty5 may provide a unique tool to 
identify new silent regions as well as aging genes by "chromatin tagging". 
The integration complexes of other retroelements, such as Ty3 and HIV 
appear to interact with specific DNA-bound protein complexes (11). At least for 
the case of Ty3, this interaction is responsible for targeted integration (15). 
Protein-protein interactions also appear to be important for Ty5, based on the 
decreased transposition frequency observed in the SIRS mutant. This decrease, 
however, does not necessarily indicate a direct interaction. SIRS interacts with 
other  proteins ,  including RAPl and his tones H3 and H4 (26,  27) .  Mutants  of  SIRS 
may be defective in the assembly of other such factors that actually direct 
transposition. These factors may be revealed by testing additional mutants and 
through two-hybrid screens with Ty5 integrase. 
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Table 1. The frequency of Ty5 transposition near HML-E and HMR-E.  
Strain HMR-E 
allele 
Total 
insertions 
HML-E 
(percent) 
HMR-E 
(percent) 
Fold 
reduction 
at  HML-E 
(X2)l 
Fold 
reduction 
at  HMR-E 
(X2)l 
ySZ202 A-E-B 908 20 (2.2%) 17 (1.9%) 1 1 
ySZ225 AA-E-B 884 14 (1.6%) 6 (0.68%) 1.4 (0.888) 2.2 (4.91) 
ySZ227 A-AE-B 828 21 (2.5%) 4 (0.48%) 0.87(0.199) 3.9 (6.83) 
ySZ226 A-E-AB 788 8 (1.0%) 8 (1.0%) 2.2 (3.55) 1.8 (2.07) 
ySZ222 A-AE-AB 883 18 (2.0%) 0 (<0.11%) 1.1 (0.0557) >17 
ySZ228 AA-E-AB 672 6 (0.80%) 0 (<0.15%) 2.5 (3.97) >13 
ySZ224 AA-AE-B 754 6 (0.80%) 0 (<0.13%) 2.8 (5.14) >14 
ySZ221 AA-AE-AB 954 8 (0.84%) 0 (<0.10%) 2.6 (5.67) >18 
1^2 was determined by comparison between wild-type and mutant; d.f., 1. P is 
less than 0.05 for values greater than 3.8. 
123 
Table n. The overall frequency of Ty5 transposition in SIR mutant strains. 
Strain Expt. No. No. on Freq. of Fold 
(SIR No. on YPD SC-H+FOA transposition reduction 
genotype) (XIO-^) 
ySZ201 I 1002 37 3.69 
(haploid n 1109 38 3.43 
wild type) Average 3.56(+/-0.18) 
ySZ200 I 687 18 2.62 
(Diploid n 635 21 3.31 
wild type) Average 2.96(+/-0.49) 1.20 (0.888) 
ySZ198 I 1228 24 1.95 
(s ir ! )  n 1072 23 2.14 
Average 2.04(+/-0.13) 1.74 (8.82) 
ySZ208 I 1046 76 2.01 
(s ir2)  n 939 70 2.45 
Average 2.23(+/-0.31) 1.60 (26.0) 
ySZ212 I 1294 6 0.464 
(s ir3)  n 1029 9 0.875 
Average 0.670(+/-0.291) 5.31 (45.1) 
ySZ232 I 1272 28 2.20 
{s ir4)  n 1133 21 1.85 
Average 2.02(+/-0.25) 1.76 (9.14) 
was determined by comparison between wild-type and mutant; d.f., 1. P is 
less than 0.05 for x^ values greater than 3.8. 
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Figure legend 
Figure 1. A PCR assay to quantitate the frequency of Ty5 transposition to HML-E 
and HMR-E. The shaded bar indicates chr III. Expanded views are shown for 
HML and HMR. The positions of autoiwmously replicating consensus 
sequences (ACS) present at HMR-E and HML-E are indicated by vertical arrows. 
For HML and HMR, E and I designate the flanking transcriptional silencers. W, 
X and Z represent  homologous regions shared between HML, HMR and MAT.  
Ya and Ya are specific for HML and HMR, respectively. Transcripts (al, a2, al, 
a2) at each mating locus are shown by long horizontal arrows. Expanded view is 
shown for HMR-E, indicating its three domains A, E and B. Hypothetical Ty5 
inertions are indicated by the labeled open box, which are not drawn to scale. 
Positions and identities of primers used for PCR are shown by short horizontal 
arrows. 
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CHAPTER VI. GENERAL CONCLUSIONS 
Replication of retroelements, which include retrotransposons and 
retroviruses, requires the insertion of a cDNA transposition intermediate into 
the host genome. Retroelements display strong bias in target site selection, 
although their target choices vary. Despite considerable progress in 
understanding the biochemical mechanisms of retroelement integration, the 
molecular basis of how these elements select their DNA target is largely 
unknown. In my dissertation research, I characterized a new Saccharomyces 
retrotransposon family, called Ty5, and discovered that Ty5 has a novel target 
preference. Using a functional Ty5 element, I have investigated mechanisms 
that determine target choice. 
Ty5 preferentially transposes to silent chromatin 
Characterization of endogenous Ty5 elements indicates that their copy 
number and distribution vary among diverse strains of S. cerevisiae and the 
related species 5. paradoxus. While all S. cerevisiae elements appear to be 
transpositionally defective, an intact Ty5 element, Ty5-6p, was identified from S. 
paradoxus. Analysis of the Ty5-6p ORF indicates that this family belongs to the 
Tyl/copia group retrotransposons. A genetic assay was developed with Ty5-6p to 
monitor transposition in S. cerevisiae. The nature of Ty5 integration specificity 
was investigated by mapping insertion sites of endogenous and newly transposed 
Ty5 elements. Most insertions were found near regions of transcriptionally 
silent chromatin at the telomeres and the silent mating loci. This indicates that 
Ty5 has a strong integration preference for silent chromatin. 
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Ty5 integration is directed by silent chromatin 
One preferred region for Ty5 integration is HMR-E,  the cis-acting sequence 
required for transcription silencing at HMR. Insertions near HMR-E account for 
approximately 2% of total transposition events, which is significantly higher 
than random integratioa The molecular basis of Ty5 target preference was 
investigated in various mutant backgrounds that affect silent chromatin. 
Mutations of the cis-acting sequences at HMR-E that disrupt silent chromatin 
dramatically reduce the frequency of Ty5 transposition to this region. Sequences 
do not  appear  to  be important ,  because mutat ions in  A or  B domains a t  HMR-E 
do not change targeted transposition. These observations suggest that Ty5 target 
preference is determined by silent chromatin. 
SIRS is important for Ty5 transposition 
Analysis of the effect of HMR-E mutations on Ty5 targeting suggest that 
proteins instead of DNA sequences are critical for target selection. The frequency 
of Ty5 transposition was assayed in strains deleted for the silencing-related genes, 
SIR1-SIR4. The frequency was reduced five to six fold in the SIR3 mutant, 
indicating that SIR3 is an important host factor for Ty5 transposition. 
Transposi t ion frequency was also s l ight ly  reduced in  SIRl ,  SIR2 and SIR4 
mutants, suggesting silent chromatin is important for Ty5 transposition. Ty5 
integration specificity, however, has not been tested in these SIR mutants. The 
frequency of  Ty5 transposi t ion to  regions of  s i lent  chromatin,  such as  HMR-E 
and HML-E, should be calculated in these mutants to determine which SIR 
proteins affect targeting. In addition, two hybrid screens should be performed to 
identify the factors interacting with Ty5 integrase. This should reveal the 
guiding forces for Ty5 integration specificity. 
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Comparison of Ty5 targeting with other retroelements 
Ty5 is likely directed to its targets by protein components of silent 
chromatin, such as SIR3. Based on these observations and the hypotheses put 
forward for Tyl, Ty3 and HTV targeting, protein-protein interactions between the 
Ty5 integration complex and silent chromatin are likely critical for targeting. 
Insertion sites of Ty3 are precise and are within several bp of transcription start 
sites of pol m transcribed genes. Mutations in the promoter sequences of target 
genes that disrupt loading of the pol in transcription factors TFIIIB and TFinC, 
also abolish Ty3 integration specificity. In vitro,Ty3 targeting requires binding of 
these host factors on the target DNA. This suggests a direct interaction between 
the Ty3 integration complex and the pol m transcription factors TFIIIB and 
TFinC. Tyl elements also preferentially transpose to pol HI transcribed genes, but 
they are much less precise and occur within several hundred bp of their targets. 
As for Ty3, mutatioris in the promoter regions of target genes dramatically 
reduce Tyl transposition specificity. This suggests that interactions between the 
Tyl integration complex and host factors related to the pol HE transcription 
machinery influence targeting. Integration patterns of most retroviruses, like 
Tyl, show regional specificity. Protein-protein interactions have also been 
suggested to be a mechaiusm for retrovirus integration specificity. For example, 
HIV integrase shows specific interaction with the host factor, Inil, which is a 
human homologue of S. cerevisiae Snf5, and is speculated to be involved in 
shaping chromatin structure. HIV is suggested to be directed to its targets 
through integrase and Inil interactions. This, however, has not yet been directly 
demonstrated. 
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Significance of research on Ty5 targeting 
Since Ty5 target specificity is likely determined by protein-protein 
interactions, understanding how Ty5 chooses its targets may reveal general 
mechanisms used by other retroelements including retroviruses. Diseases 
caused by retroviruses, such as acquired immunodeficiency syndrome (AIDS), 
are among the most severe diseases of humans and animals. The molecular 
mechaiusm of retroviral targeting may lead to new therapeutic strategies. In 
addition, retrovirus-derived vectors are widely used in gene therapy. 
Understanding how retroelements select their targets may help reduce potential 
risks of gene therapy through the design of better vectors. 
